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mmary Tables of Particle Properties

SUMMARY TABLES OF PARTICLE PROPERTIES

Extracted from the Particle Listings of the
Rewview of Particle Physics
P.A. Zyla et al. (Particle Data Group),
Prog. Theor. Exp. Phys. 2020, 083C01 (2020)
Available at http://pdg.1lbl.gov

(©2020 Regents of the University of California
(Approximate closing date for data: January 15, 2020)

GAUGE AND HIGGS BOSONS

~ (photon)

10PCy =011 = )

Mass m < 1 x 10718 ev
Charge g < 1x10% e
Charge g< 1x107 35 e
Mean life 7 = Stable

(mixed charge)
(single charge)

g Py
or gluon 1(7) =007)
Mass m = 0 [d]
SU(3) color octet
graviton J=2
Mass m < 6 x 10732 eV
]

Charge = +1e

Mass m = 80.379 + 0.012 GeV

W /Z mass ratio = 0.88147 + 0.00013
mz — my = 10.809 + 0.012 GeV
mys — my,— = —0.029 + 0.028 GeV
Full width [ = 2.085 + 0.042 GeV
(N,+) =15.70 + 0.35

(Ngz) =220 +0.19

(Np) =0.92 +0.14

(Neharged) = 19.39 £ 0.08

W™ modes are charge conjugates of the modes below.

p
w+ DECAY MODES Fraction (T';/T) Confidence level (MeV/c)
oty [b] (10.86+ 0.09) % -
ety (10.71+ 0.16) % 40189
utv (10.63+ 0.15) % 40189
tu (11.38% 0.21) % 40170
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hadrons (67.41% 0.27) % -
aty < 7 x 106 95% 40189
Dy < 13 x 1073 95% 40165
cX (333 £ 26 )% -
c3 Er B )% -
invisible [l (14 £29)% -
atata— < 101 x 1076 95% 40189
Charge =0
Mass m = 91.1876 = 0.0021 GeV 4]
Full width I = 2.4952 + 0.0023 GeV
r(¢+e-) = 83.984 + 0.086 MeV [2]
[ (invisible) = 499.0 = 1.5 MeV [e]
I (hadrons) = 1744.4 + 2.0 MeV
M(utp™)/T(ete™) = 1.0001 + 0.0024
F(r+77)/r(ete) = 1.0020 % 0.0032 [7]
Average charged multiplicity
(Ncharged) = 20.76 £ 0.16 (S = 2.1)
Couplings to quarks and leptons
g4, = —0.03783 + 0.00041
g’\’/—0266i0034
g9 = —0.38+ 001
g4 = —0.50123 £ 0.00026
€4 = 0519035
g4 = 052708
g¥¢ = 0.5008 + 0.0008
g% = 0.53 + 0.09
g"n = 0.502 + 0.017
Asymmetry parameters (€]
A = 0.1515 + 0.0019
= 0.142 £ 0.015
A, = 0.143 + 0.004
As = 0.90 £+ 0.09
Ac = 0.670 + 0.027
Ap = 0.923 + 0.020
Charge asymmetry (%) at Z pole
(00) _
Aﬁ)B) =1.71+£0.10
u
Apg =4 +£7
A% — 98411
(0c) _
Apg’ =7.07£0.35
Al — 9.92 + 0.16
Scale factor/ p
Z DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
ete [A]  ( 3.3632£0.0042) % 45594
whp~ [ ( 3.3662:0.0066) % 45594
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U
ot
(et
invisible
hadrons
(uT+cT)/2
(dd+s5+bb)/3
cc
bb
bbbb
888
71'0"}/
Y
0,
~y
7'(958)y
oy
Yy
71'071'
Yy
rt wWF
pEWF
J/(19)X
J/(1S)y
»(2S)X
»(25)y
J/p(1S) J/(1S)
Xc1(1P)X
Xc2(1P)X
T(1S) X +T(2S) X
+7(3S) X
T(1S)X
T(1S)y
T(2S5)X
T(2S)y
T(3S)X
T(3S)y
T(1,2,35) 7(1,2,3S)
(D°/D°% X
D*X
D*(2010)* X
D41 (2536)* X
D, ;(2573)*X
Bt X
BIX
ATX
b-baryon X
anomalous v+ hadrons
ete v
ey
7'+7'"y
e yy
qaq~y
vUyy

=

£

0

(n
[b,h]
1l
(n
(n

ANNNANNANANNNANNANNA

==
VANVAY

<

<
<

<

ANNNANNANNNANNA

Ul

(k]
(K]

(K]

1<
1<
1<
1<
[n <
[n <
[n <

( 3.3696£0.0083) %
( 3.3658+0.0023) %
(463 +021 )x107°
(20.000 +0.055 ) %
(69.911 +0.056 ) %

(11.6  +06 )%
(156 +04 )%
(12.03 +021 )%
(1512 £0.05 )%
(36 +13 )x1074
11 %
2.01 x 1073
5.1 x 1073
2.5 x 1075
6.5 x10~4
4.2 x 1075
9 x10~7
1.46 x 1075
1.52 x 1073
2.2 x10~6
7 x 1073
8.3 x 1073
(351 10238 yx103
1.4 x 1070
(160 +029 )x1073
45 x 1076
2.2 x 1076
(29 407 )x1073
3.2 x 1073
(1.0 +05 )x10~4
3.4 x 100
2.8 x 106
6.5 x 1076
1.7 x 1076
5.4 x 1076
4.8 x10~6
15 x10~6
(207 £20 )%
(122 +17 )%
(114 +13 )%
(36 +08 )x1073
(58 +22 )x1073
(6.08 +£0.13 )%
(159 +£0.13 )%
(154 +£033 )%
(138 +022 )%
3.2 x 1073
5.2 x10~4
5.6 x10~4
73 x 104
6.8 x 1076
5.5 x 106
3.1 x 106

CL=95%
CL=95%
CL=95%
CL=95%
CL=95%
CL=95%
CL=95%
CL=95%
CL=95%
CL=95%
CL=95%
CL=95%

s=1.1

CL=95%

CL=95%
CL=95%

CL=90%

CL=95%
CL=95%
CL=95%
CL=95%
CL=95%
CL=95%
CL=95%

CL=95%
CL=95%
CL=95%
CL=95%
CL=95%
CL=95%
CL=95%
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= F LF < 75 x1077  CL=95% 45594
¥ LF Ul < 9.8 x1076  CL=95% 45576
pErT LF []< 12 x1075  CL=95% 45576
pe LB 1.8 x1076  CL=95% 45589
pu LB 1.8 x1076  CL=95% 45589
See Particle Listings for 4 decay modes that have been seen / not seen.
Mass m = 125.10 + 0.14 GeV
Full width ' < 0.013 GeV, CL = 95%  (assumes equal
on-shell and off-shell effective couplings)
HO Signal Strengths in Different Channels
Combined Final States = 1.13 + 0.06
W Ww* =1.19 + 0.12
zz*=120%012
7y = 1117559
T Final State < 110, CL = 95%
bE =1.04 £0.13
utpy= =06+0.8
rtr 11573l
Zy < 6.6, CL=95%
top Yukawa coupling < 1.7, CL = 95%
tTHO Production = 1.28 + 0.20
HO Production Cross Section in pp Collisions at /s = 13 TeV =
59 + 5 pb ,
HO DECAY MODES Fraction (I';/T) Confidence level (MeVc)
ete~ <3.6x 1074 95% 62550
J/y <35x 104 95% 62511
J/wd/y <1.8x 1073 95% 62473
¥(25)y <2.0x 1073 95% 62495
T(1S)y <49 x 1074 95% 62192
T(2S)y <5.9x 104 95% 62148
T(3S)y <5.7x 1074 95% 62121
T(nS) T(mS) <1.4x 1073 95% -
p(770)~ <8.8x10~4 95% 62547
¢(1020)~y <4.8x 1074 95% 62546
ep LF  <61x1073 95% 62550
er LF  <47x1073 95% 62537
uT LF  <25x1073 95% 62537
~invisible <4.6 % 95% -

Neutral Higgs Bosons, Searches for

Mass limits for heavy neutral Higgs bosons (H9, A®) in the MSSM

m > 389 GeV, CL =95% (tang = 10)
m > 863 GeV, CL = 95% (tanf = 20)
m > 1157 GeV, CL = 95% (tang = 30)
m > 1341 GeV, CL = 95% (tanj = 40)
m > 1496 GeV, CL = 95% (tanj = 50)
m > 1613 GeV, CL = 95% (tang = 60)
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Charged Higgs Bosons (H* and H**),
Searches for

Mass limits for m,,, < m(top)

m > 155 GeV, CL = 95%
Mass limits for m,, > m(top)

m > 181 GeV, CL = 95% (tan8 = 10)
249 GeV, CL =95% (tans = 20)
390 GeV, CL = 95% (tan8 = 30)
894 GeV, CL = 95% (tan8 = 40)
1017 GeV, CL = 95%  (tang = 50)
1103 GeV, CL = 95% (tanj = 60)

3333 3
vV VV VYV

New Heavy Bosons
(W', Z', leptoquarks, etc.),
Searches for

Additional W Bosons
W'’ with standard couplings
Mass m > 5200 GeV, CL = 95% (pp direct search)
Wg (Right-handed W Boson)
Mass m > 715 GeV, CL = 90%  (electroweak fit)
Additional Z Bosons
Z;M with standard couplings
Mass m > 4.500 x 103 GeV, CL = 95%  (pp direct search)
ZLR of SU(2)LXSU(2)RXU(1) (Wlth 8L = gR)
Mass m > 630 GeV, CL = 95% (pp direct search)
Mass m > 1162 GeV, CL = 95%  (electroweak fit)
Z, of SO(10) — SU(5)xU(1), (with g, =e/cosfyy)
Mass m > 4.100 x 103 GeV, CL = 95%  (pp direct search)
Zy, of Eg — SO(10)xU(1)y, (with gy=e/costyy)
Mass m > 3900 GeV, CL = 95% (pp direct search)
Z, of Eg — SU(3)xSU(2)xU(1)xU(1), (with g,=e/cosby)
Mass m > 3.900 x 103 GeV, CL = 95% (pp direct search)
Scalar Leptoquarks
m > 1050 GeV, CL = 95% (1st gen., pair prod., B(7t)=1)
m > 1755 GeV, CL = 95% (1st gen., single prod., B(7 b)=1)
m > 1420 GeV, CL = 95% (2nd gen., pair prod., B(ut)=1)
m > 660 GeV, CL = 95% (2nd gen., single prod., B(nq)=1)
m > 900 GeV, CL =95% (3rd gen., pair prod., B(eq)=1)
m > 740 GeV, CL = 95% (3rd gen., single prod., B(eq)=1)
(See the Particle Listings in the Full Review of Particle Physics for
assumptions on leptoquark quantum numbers and branching frac-
tions.)
Diquarks
Mass m > 6000 GeV, CL = 95%  (Eg diquark)
Axigluon
Mass m > 6100 GeV, CL = 95%
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Axions (A%) and Other
Very Light Bosons, Searches for

See the review on " Axions and other similar particles.”

The best limit for the half-life of neutrinoless double beta decay with
Majoron emission is > 7.2 x 1024 years (CL = 90%).

NOTES
In this Summary Table:
When a quantity has “(S = ...)" to its right, the error on the quantity has been
enlarged by the “scale factor” S, defined as S = /x?/(N — 1), where N is the
number of measurements used in calculating the quantity.
A decay momentum p is given for each decay mode. For a 2-body decay, p is the
momentum of each decay product in the rest frame of the decaying particle. For a
3-or-more-body decay, p is the largest momentum any of the products can have in
this frame.

[a] Theoretical value. A mass as large as a few MeV may not be precluded.
[b] ¢ indicates each type of lepton (e, p, and 7), not sum over them.

[c] This represents the width for the decay of the W boson into a charged
particle with momentum below detectability, p< 200 MeV.

[d] The Z-boson mass listed here corresponds to a Breit-Wigner resonance
parameter. It lies approximately 34 MeV above the real part of the posi-
tion of the pole (in the energy-squared plane) in the Z-boson propagator.

[e] This partial width takes into account Z decays into v7 and any other
possible undetected modes.

[f] This ratio has not been corrected for the 7 mass.

[g] Here A = 2gyga/(83+83)-

[h] This parameter is not directly used in the overall fit but is derived using
the fit results; see the note “The Z boson” and ref. LEP-SLC 06 (Physics
Reports (Physics Letters C) 427 257 (2006)).

[i] Here ¢ indicates e or p.

[/] The value is for the sum of the charge states or particle/antiparticle
states indicated.

[k] This value is updated using the product of (i) the Z —  bb
fraction from this listing and (ii) the b-hadron fraction in an
unbiased sample of weakly decaying b-hadrons produced in Z-
decays provided by the Heavy Flavor Averaging Group (HFLAV,
http://www.slac.stanford.edu/xorg/hflav/osc/PDG2009/#FRACZ).

[/] See the Z Particle Listings in the Full Review of Particle Physics for the
~ energy range used in this measurement.

[n] For m,., = (60 + 5) GeV.
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LEPTONS

[e]

J=13

Mass m = (548.579909070 + 0.000000016) x 107%y
Mass m = 0.5109989461 + 0.0000000031 MeV
[m, —m, |/m< 8x107% CL=90%
|G+ + o-|/e < 4x 1078
Magnetic moment anomaly

(g-2)/2 = (1159.65218091 % 0.00000026) x 106
(8e+ — 8e-) /| Baverage = (—0.5 £ 2.1) x 10712
Electric dipole moment d < 0.11 x 10~28 ecm, CL = 90%
Mean life 7 > 6.6 x 1028 yr, CL = 90% [4]

-
Mass m = 0.1134289257 + 0.0000000025 u
Mass m = 105.6583745 + 0.0000024 MeV
Mean life 7 = (2.1969811 + 0.0000022) x 1076 s
7'#4./7'}r = 1.00002 £ 0.00008
cr = 658.6384 m
Magnetic moment anomaly (g—2)/2 = (11659209 + 6) x 1010
(g#+ - g‘r) / 8average = (—0.11 £ 0.12) x 108
Electric diapole moment |[d| < 1.8 x 1071% ecm, CL = 95%

Decay parameters [°]

p = 0.74979 + 0.00026

n = 0.057 + 0.034

8 = 0.75047 + 0.00034
&P, = 1.0009 3950 [l
£P,8/p = 100187 5405 1]
¢ =1.00 + 0.04

€ =0.98 £ 0.04

/A =(0+4)x1073

o/ /A = (10 + 20) x 1073
B/A = (4 £6)x 103
B/A=(2+7)x1073

7= 0.02 + 0.08
;ﬁ' modes are charge conjugates of the modes below.

p
p~— DECAY MODES Fraction (T';/T) Confidence level (MeV/c)
e Vevy ~100% 53

e ey [d] (6.0+0.5) x10~8 53

e vey ete” le] (3.4+0.4) x 1075 53
Lepton Family number (LF) violating modes

e el LF [fl <12 % 90% 53

ey LF <42 x 10713 90% 53

e"ete LF <1.0 x 1012 90% 53

e 2y LF <72 x 10711 90% 53
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J=13

Mass m = 1776.86 + 0.12 MeV
(m_+ — m__)/Mayerage < 2.8x 1074, CL = 90%
Mean life 7 = (290.3 + 0.5) x 107> 5
cr = 87.03 um
Magnetic moment anomaly > —0.052 and < 0.013, CL = 95%
Re(d,) = —0.220 to 0.45 x 10716 ecm, CL = 95%
Im(d,) = —0.250 to 0.0080 x 10716 ecm, CL = 95%

Weak dipole moment
Re(d¥) < 0.50 x 10717 ecm, CL = 95%
Im(d¥) < 1.1x10717 ecm, CL = 95%

Weak anomalous magnetic dipole moment
Re(a¥) < 1.1x 1073, CL =95%
Im(a) < 2.7 x 1073, CL = 95%
r+ — 7%+ K%v, (RATE DIFFERENCE) / (RATE SUM) =
(—0.36 £ 0.25)%

Decay parameters

See the 7 Particle Listings in the Full Review of Particle Physics for a
note concerning 7-decay parameters.

p(e or u) = 0.745 + 0.008

p(e) = 0.747 + 0.010

p(p) = 0.763 + 0.020

&(e or ) = 0.985 £ 0.030

&(e) = 0.994 + 0.040

&(p) = 1.030 £+ 0.059

n(e or u) = 0.013 + 0.020

n(p) = 0.094 £ 0.073

(0¢)(e or ) = 0.746 + 0.021

(0)(e) = 0.734 £ 0.028

(6¢)(p) = 0.778 + 0.037

&(w) = 0.993 £+ 0.022

&(p) = 0.994 + 0.008

&(ay) = 1.001 £ 0.027

£(all hadronic modes) = 0.995 + 0.007

7(n) PARAMETER = —1.3 +£ 1.7

¢x(e) PARAMETER = —0.4 £ 1.2

& (1) PARAMETER = 0.8 £ 0.6

71 modes are charge conjugates of the modes below. “hE" stands for 7% or
KE. “¢ stands for e or p. “Neutrals” stands for ~’s and/or 0.

Scale factor/ p
7~ DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
Modes with one charged particle

particle™ > 0 neutrals > 0K%v_ (85.24 + 0.06 )% -
(“1-prong”)

particle™ > 0 neutrals > 0K? v, (84.58 + 0.06 )% -

T l[g] (17.39 + 0.04 )% 885

WUy le] (3.67 + 0.08 ) x10~3 885

€ Ve, [g] (17.82 + 0.04 )% 888
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€ Valr?y [e] (1.8 +
h= > 0KY v, (12.03 +
h~ v, (11.51 +

T, le] (10.82 +

K v, [g] (6.96 +
h™ > 1 neutralsv, (37.01 £
h~ > 1700, (ex.K©) (3651 +

h~ a0, (25.93 +

a0 Vr [g] (25.49 +
7~ 7%non-p(770) v, (30 =+
Km0, lg] (433 +
h= > 2700, (10.81 +
h= 270, (948 %
h= 2790 (ex.KO) (932 +
7270 (ex.KO) el (926 +

7~ 27%, (ex.K?), <9

scalar
7 2n0u, (ex.KO), <7
vector
K= 270, (ex.K©) ] (65 =+
h= > 370w, (134 +
h= > 370u, (ex. KO) (125 +
h= 370, (118 +
7 3100, (ex.KO) lg] (104 &
K=3n%, (ex.K%, n) [g] (48 =+
h= 470, (ex.KO) (16 =+
h= 4%, (ex.KO,n) lg] (11 +
a1(1260) v, — 7 v, (38 =+
K= >0 >0K® >0y v, ( 1552+
K= >1(x%or K or v) v, (859 +
Modes with K0's

Kos(particles)_ vy (943 +
h~ KO, (9.87 +
7 KOy, lg] (838 +
7~ KO (non-K*(892) ) v, (54 +
K=Ky, lg] (1.486%
K=K > 070, (299 +
h=KOx0y,_ (532 +
7!'_7071'01/7- [g] (382 &
KO, (22 =+
K=KOn0u, lg] (150 +

7= K > 1700, (4.08 +

7~ KOr070 1 (ex.K?) [e] (26 =+

K= KO7070,, < 16

7~ KOKOw, (155 +

T KOS KOS v, [g] (235 +
T Ke K v, lg] (1.08 =+
™ K KQv, (235 +
7= KOKO70y_ (36 =
7~ KYKS 0w, le] (182 +
K~ K0x0y, — (1.08 +

T K% K% v,

f1(1285) 7~ v, — (6.8 =+

T K% K%ﬂ'o 7

0.05 )%
0.05 )%
0.05 )%
0.05 )%
0.10 ) x 10—3
0.09 )%
0.09)%
0.09 )%
0.09 )%
32 )x1073
0.15 ) x 1073
0.09 )%
0.10 )%
0.10 ) %
0.10 )%
x 1073

x 1073

22 )yx1074
0.07 )%
0.07 )%
0.07 )%
007 )%
21 )x1074
04 )x1073
04 )x1073
15 )x10~4
0.029) %
0.28 ) x 10~3

0.28 ) x 1073
0.14 ) x 1073
0.14 ) x 10~3
21 )x1074
0.034) x 10~3
0.07 ) x 1073
0.13 ) x 1073
0.13 ) x 1073
05 )x1073
0.07 ) x 1073
0.25 ) x 10—3
23 )x1074

x 104
0.24 ) x 1073
0.06 ) x 104
024 ) x 1073
0.06 ) x 1074
1.2 )x1074
0.21 ) x 1073
0.21 ) x107°

15 )x106

CL=95%

CL=95%

CL=95%

888
883
883
883
820

878
878
878
814

862
862
862
862

862

796

836
836
765
800
800

820

812
812
812
737
737
794
794
612
685

763
619
682
682
682
682
614
614
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f(1420) 7~ v —

7~ K9 K%ﬂ' vy

T K0 K07T vy [g]
T KOK(ZTI' vy

K=KYKv,

K- kS KOSTI' vy
KOnt h— h > 0 neutrals v,
KOhth=h= v,

8]

(24 +08 )x107©

(32 +12 )x1074
(1.82 + 021 )x107°

< 63
< 4.0
< 17

x10~7 CL=90%
x10~7 CL=90%
x 1073 CL=95%

(25 +20 )x1074

Modes with three charged particles

h=h~ht >0 neutrals > 0KOv,
h=h=ht >0 neutrals v,
(ex. K — xta7)
(“3-prong”)

h=h=htu,

h=h™ ht v (ex.KO)
h=h= bt v (ex.KOw)

7T+7T Vr

T

aatr z/T(ex.KO)

~atr v (ex.KO),
non-axial vector

art v (ex. KO w) lg]
h=h=ht > 1 neutrals v,
h=h=ht >17%_ (ex. KO)
h=h=ht a0,
h=h= ht70u (ex.KO)
h=h~ h+7r0y (ex. KO w)
mrtrT 7T0VT
o ataT 71' v, (ex.K9)
o atr al0u, (eXKow) lg]
h=h~ h+>27r vy (ex. K%)
h=h= ht2x0u,
h=h=ht 270, (ex.K®)
h=h= ht 270, (ex.KOw,n) gl

h=h=ht 3700,
27~ 71 370, (ex.K?)
21~ 7 370, (ex.KO, 1,
f,(1285))
2~ 7wt 370, (ex. KO, 1, lg]
w, £(1285))
K= h* h= >0 neutrals v,
K= ht 7= v, (ex.K?)
K= htn= 2%, (ex.K9)
K~ nt 7~ >0 neutrals v,
K=7tr= > 0700, (ex.K?)

-t

-t

XRXXXIXXX‘X
5
+

7z
“rr(exK0w) g

=0
 (ex.KO)

K77T+7T71/T

B agZn (ex.KO,w)
“ v, (ex.KOw,m) [g]

neut. v,

(1520 + 0.06 ) %
(14.55 + 0.06 ) %

(980
( 9.46
(943
(931
( 9.02
< 24

(899
(529
(5.09
(476
( 457
(279
(462
( 4.49
(274
(517
(5.05
(495
(10

(213
(195
(17

(14

( 6.29
(437
(86
(477
(373
(345
(293
(293
(14
(131
(79
(76
(37
(39
<9

HoHH R

B B H R R H B H K KR K KR H

HoH B H H H H HHH R H

0.05 ) %
0.05 ) %
0.05 ) %
0.05 ) %
0.05 ) %
% CL=95%

0.05 ) %
0.05 )%
0.05 )%
0.05 )%
0.05 ) %
0.07 )%
0.05 ) %
0.05 ) %
0.07 )%
0.31 ) x 1073
031 )x1073
031 )x1073
4 y)x104
0.30 ) x 1074
0.30 ) x 1074
04 )x1074

2.7 )x1073

0.14 ) x 1073
0.07 ) x 1073
1.2 )x1074
0.14 ) x 1073
0.13 ) x 1073
0.07 ) x 1073
0.07 ) x 1073
0.07 ) x 1073
05 )x1073
0.12 ) x 1073
12 )x107%
12 )x107%
09 )x10~4
14 )x10~4
x 1074 CL=95%

614
614
466
337
760
760

861
861

861
861
861
861
861
861

861

834
834
834
834
834
834

797
797
797
749
749

794
794
763
794
794
794
794
794

763
763
763
763
763
685
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K= K*m~ >0 neut. v,
K- Kta v,
K=Kt~ x0u,
K- KT K~ v,
K=K+ K~ v, (ex. ¢)
K=KTK= 700,
7~ Ktr~ >0neut. v,
e e et Teu,
pme ety
Tty

( 1.496+
lg] (1.435+

le]l (61
(22

< 25
< 48
< 25

(28
< 32
< 1.14

+
+

+

0.033) x 10~3
0.027) x 10~3
18 )x107°
08 )x1073
x 1076
x 1076
x 1073
15 )x107°
x 1073
x 1073

Modes with five charged particles
(9.9 + 04 )x1074

3h~2ht >0 neutrals v,
(ex. K% — 7 at)
(“5-prong”)

3h~2ht v, (ex.KO)
3~ 2nt v, (ex.KO, w)
3~ 2nt v, (ex. K9, w,
£,(1285))
K= 2r~27F v, (ex.K?)
Kt3n—rntu,
KtK=2r—ntu,
3h=2ht 700, (ex.KO)
3~ 2rt 70u, (ex.KO)
3~ 27t 70 v, (ex.KO, n
£,(1285))

3r—2ntn0u, (ex. KO, 1, w,

f(1285))
K=2n 2rt 7%, (ex.KO)
Kt3n—ataly,
3h=2ht 270,

(829 + 031 )x104
(827 + 031 )x10°4
[g] (7.75 + 030 )x 104

el (6
< 5.0
< 45

+12 ) x10~7

x 1076
x10~7

(1.65 + 011 )x 104
(163 + 011 )x104

(111

+

0.10 ) x 1074

[g] (38 +£09 )x107°

el (11
< 8
< 34

+

06 )x1076
x10~7
x10~6

Miscellaneous other allowed modes
(78 + 05 )x1073

(57) vy
4h=3ht > 0 neutrals v,
(“7-prong”)
4h~3ht .
4h=3htn0u,
X (S=-1)v,
K*(892)~ > 0 neutrals >
OK(Z 7
K*(892)~ v,
K*(892)" v, — 7~ KOu,
K*(892)° K~ > 0 neutrals v,
K*(892)° K~ v,
K*(892) 7~ > 0 neutrals v,
K*(892)0 7~ v,

(K*(892)7) " vy — 7~ KOn0u,

K1(1270)7I/T
Ky (1400)~ v,
K*(1410) v,
K5(1430)" v,
K35(1430) v,
nmwo vr

-0
nTow vy

< 3.0

< 43
< 25
(292
(142

(1.20
(782
(32
(21
(38
(22
(10
(a7
(17

(15
<5
<3
< 99
le] (139

[ o T T T T TS

+

x 1077

x10~7
x 10~ 7
0.04 )%
0.18 ) %

0.07 )%

0.26 ) x 1073
14 )x10-3
04 )x1073
17 )x 1073
05 )x1073
04 )x1073
11 )x1073
26 )x1073

1o )x107

x 1074
X 1073
x 1073
0.07 ) x 10~3

S=5.4
CL=90%
CL=90%
CL=95%

CL=90%
CL=90%

CL=90%
CL=90%

CL=90%
CL=90%

CL=90%

CL=90%
CL=90%

CL=95%
CL=95%
CL=95%

685
685
618
472

345
794
888
885
870

794

794
794

716
716
528
746
746

657
657
687

800
682

682
612

665

665

542
542
655
655

447
335

326
317
315

797
778
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—0_0
R e

nK~ vy
nK*(892) v,
nK- 1 v,

nK~ a0 (non-K*(892)) v,

UL S
nKor 70w,
nK= K%,

nrt = 7w~ >0 neutrals v,
nr~ 7t 7 vy (ex.KO)
nr~wt v, (ex. KO, (1285))

nai(1260)" v, — nr~ p'v;

ez

w0 v,

K~ v,

7' (958) 7~ v,

7/(958) 7~ 70w,

7 (958) K~ vy

o v,

6K~ v

f1(1285) 7~ v,
f(1285) 7~ vy —

nm- ata~ 2

f(1285) 7~ v, — 3r 21t w,
m(1300)" v, — (pm) " vy —

(Bm)" v,
m(1300)" v, —

((r7)s—wave ™)~ vy —

Bm) v,
h~™w > 0 neutrals v,
h~wv,
T WUp
K- wru,
hwnu,
h~w2ru,
mw2rlu,
h~™2wv,
2h~ htwy,

2~ ntwr, (ex.K9)

Lepton Family number (LF), Lepton number (L),

(gl (20
] (155
(138
gl (48
< 35
(gl (94
< 5.0
< 90
< 3
(gl (220
(9.9
3.9
7.4
2.0
3.0
4.0
1.2
2.4
(3.4
gl (44
(39
(118

ANNANNNANNNA

el (52
< 10

< 19

( 240
( 1.99
] (195
gl (41
(g1 (41
(14
gl (72
< 5.4
(120

lg] (84

+
+
+
+
+

+

or Baryon number (B) violating modes

L means lepton number violation (e.g. 7~ — etx—7x7).

04 )x104
0.08 ) x 104
0.15 ) x 1074
1.2 )x1073
x 1073 CL=90%
15 )x107>
x 1073 CL=90%
x 1076 CL=90%
x1073  CL=90%
0.13 ) x 1074
1.6 )x107°
x10™4 CL=90%
x 1076 CL=90%
x10~4 CL=95%
x 1076 CL=90%
x1076  CL=90%
x 1075 CL=90%
x 1076 CL=90%
0.6 )x1073
16 )x107°
05 )x1074%  s=1.9
0.07 )x1074  s=1.3
04 )x107°
x10~4 CL=90%
x10~4 CL=90%
0.08 ) %
0.06 ) %
0.06 ) %
09 )x10~4
04 )x1073
05 )x1074
1.6 )x107°
x10~7 CL=90%
0.22 ) x 1074
0.6 )x1073
Following

common usage, LF means lepton family violation and not lepton number
violation (e.g. 7~ — e~ 7T ™). B means baryon number violation.

LF
LF
LF
LF
LF
LF
LF
LF
LF
LF

3.3
4.4
8.0
1.1
2.6
2.3
9.2
6.5
1.8
1.2

ANNNANNNNANNNANNANA

x 108
x 108
x 10—8
x 107
x 1078
X 1078
x 108
x10~8
x 1078
x 108

CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%

746
719
511
665

661
590
430
744
744

637
559
382
620
591
495
585
445
408

708
708
708
610
684
644
644
250
641
641

888
885
883
880
819
815
804
800
719
715
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*(892)0
*(892)°
u~ K*(892)0
e~ 1/(958)
1”1 (958)

o
-
e” K*(892)°
-
o

ENEN

e 7(980) — e~ wt 7™
u£(980) — pmwtaT

e ¢
Koo

e~ ete
e ptpu
et noop
p-ete
ute e
no /1,"' nwo
e~ntrT
et a~
no T~
,u,+ T
et K™
e~ KT
etn= K-
e” KY kY
e~ KTK™

TITITIT =
32T x

ol
N
3

o

pn

prln

A~

An~

e~ light boson
1~ light boson

LF
LF
LF
LF
LF
LF
LF
LF
LF
LF
LF
LF
LF
LF
LF
LF
LF
LF
LF
L
LF
L
LF
LF
L
LF
LF
L
LF
LF
L
LF
LF
L
LF
LF
LF
LF
LF
LF
L,B
L,B
L,B
L,B
L,B
L,B
L,B
L,B
L,B
LF
LF

ANNNANNANNNANNNNANNANNANNANNANNNANNNNANNANNANNNANNANNANNNANNNNANNANNNANNNNANNNANNANNNNNANNNA

48
4.7
3.2
5.9
3.4
7.0
1.6
1.3
3.2
3.4
3.1
8.4
2.7
2.7
1.7
1.8
15
2.1
2.3
2.0
2.1
3.9
3.7
3.1
3.2
7.1
3.4
33
8.6
45
48
8.0
4.4
4.7
6.5
1.4
35
6.0
2.4
22
4.4
33
35
15
33
8.9
2.7
7.2
1.4
2.7

x 108
x 108
x 108
x10~8
x 108
X 1078
x 10—7
x10~7
x 108
x10~8
x 108
x 108
x 108
x10~8
x10~8
x 108
X 1078
x 108
x 108
X 1078
x 108
x 108
X 1078
x 108
x 108
x 108
x 108
x 108
x10~8
x 108
x 108
X 1078
x 108
x 108
x10—©
x 1075
x 107
x 1073
x 1073
x107°
x10~7
x 10—7
x107©
x 1075
x 1075
X 1076
x 1075
x 108
x 107
x 1073
X 1073

CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=95%
CL=95%

716
711
665
659
665
659
630
625

596
590
888
882
882
885
885
873
877
877
866
866
813
813
813
736
738
738
800
800
800
696
699
699
878
867
699
653
798
784
618
618
641
632
604
475
360
525
525
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Heavy Charged Lepton Searches

L* - charged lepton
Mass m > 100.8 GeV, CL = 95% [l  Decay to v W.

L* — stable charged heavy lepton
Mass m > 102.6 GeV, CL = 95%

Neutrino Properties

See the note on “Neutrino properties listings” in the Particle Listings.
Mass m < 1.1eV, CL =90% (tritium decay)
Mean life/mass, 7/m > 300 s/eV, CL = 90% (reactor)
Mean life/mass, 7/m > 7 x 10° s/eV  (solar)
Mean life/mass, 7/m > 15.4 s/eV, CL = 90%  (accelerator)
Magnetic moment < 0.28 x 10710 sz, CL = 90%  (solar +
radiochemical)

Number of Neutrino Types

Number N =2.996 + 0.007 (Standard Model fits to LEP-SLC
data)

Number N =292 + 0.05 (S =1.2) (Direct measurement of
invisible Z width)

Neutrino Mixing

The following values are obtained through data analyses based on
the 3-neutrino mixing scheme described in the review “Neutrino
Masses, Mixing, and Oscillations.”

sin2(f12) = 0.307 & 0.013

Am3; = (7.53 £ 0.18) x 107> eV?2

sin?(fp3) = 0.547 4 0.021  (Inverted order)

sin2(6p3) = 0.545 + 0.021  (Normal order)

Am§2 = (—2.5461’8:8%) x 1073 eV2  (Inverted order)

Am§2 = (2.453 £ 0.034) x 1073 eV2  (Normal order)

sin%(613) = (2.18 + 0.07) x 1072

§, CP violating phase = 1.36 + 0.17 = rad

(Am3; — Am3,) < 1.1x107%eV?, CL = 99.7%

(Am3, — Am3,) = (—0.12 £ 0.25) x 1073 V2
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NOTES
In this Summary Table:
When a quantity has “(S = ...)" to its right, the error on the quantity has been

enlarged by the “scale factor” S, defined as S = /x2/(N — 1), where N is the
number of measurements used in calculating the quantity.

A decay momentum p is given for each decay mode. For a 2-body decay, p is the
momentum of each decay product in the rest frame of the decaying particle. For a
3-or-more-body decay, p is the largest momentum any of the products can have in
this frame.

[a] This is the best limit for the mode e~ — v~. The best limit for Nuclear
de-excitation experiments is 6.4 x 1024 yr.

[b] See the review on “Muon Decay Parameters” for definitions and details.

[c] P, is the longitudinal polarization of the muon from pion decay. For
V—A coupling, P, =1 and p = ¢ = 3/4.

[d] This only includes events with energy of e > 45 MeV and energy of
~ > 40 MeV. Since the e~ T, v, and e~ T, v,y modes cannot be clearly
separated, we regard the latter mode as a subset of the former.

[€] See the relevant Particle Listings in the Full Review of Particle Physics
for the energy limits used in this measurement.

[f] A test of additive vs. multiplicative lepton family number conservation.
[g] Basis mode for the 7.
[] L* mass limit depends on decay assumptions; see the Full Listings.
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QUARKS

The u-, d-, and s-quark masses are estimates of so-called “current-
quark masses,” in a mass-independent subtraction scheme such as MS
at a scale © ~ 2 GeV. The c- and b-quark masses are the “running”
masses in the MS scheme. This can be different from the heavy quark
masses obtained in potential models.

[¥] 1P = 33H)

my = 2.1675:42 Mev Charge=3%2e I, =+3

0.06
my/mg = 0.47f0'07

[4] IUP) = 3G

mg = 46710148 Mev Charge= —1e I, =—
ms/mg = 17-22
m = (my+mg)/2 = 3.457032 Mev

[5] 1P) = o(3 )

ms =93+l MeV  Charge = —% e Strangeness = —1
ms / ((my + mg)/2) = 27.3797

1UP) = 0(3)

me = 1.27 + 0.02 GeV Charge = % e Charm = +1
me/ms = 11.72 £ 0.25

mp/mc = 4.577 £ 0.008

mp—m¢ = 3.45 £+ 0.05 GeV

|Z| 1Py = o3+

=418%0%3 Gev  Charge = —~1 e Bottom = —1

1Py =03 )
Charge = % e Top = +1

Mass (direct measurements) m = 172.76 +0.30 GeV [0 (S = 1.2)

Mass (from cross-section measurements) m = 162. 5+2 L Gev [

Mass (Pole from cross-section measurements) m = 172. 4 + 0.7 GeV

my — my = —0.16 + 0.19 GeV

Full width [ = 1.427 012 Gev (S = 1.4)
r(Wbh)/T(Wq(q=b,s,d) =0957+0.034 (S=15)
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t-quark EW Couplings
Fo = 0.687 £ 0.018
F_ =0.320 + 0.013
F4 =0.002 £ 0.011
Fyya < 0.29, CL = 95%

t DECAY MODES Fraction (T'; /T) Confidence level (MIe)V/c)
Waq(q = b, s, d) -
Wb -
eveb (11.10£0.30) % -

pv, b (11.40+0.20) % -

T b (111 £0.9 ) % -
qqb (665 +1.4 )% -
vq(g=u,c) [c]< 18 x 1074 95% -

AT =1 weak neutral current (71) modes

Zq(g=u,c) T1 [d < 5 x10~4 95% -
Hu T1 < 1.2 x 1073 95% -
Hce T1 < 11 x 1073 95% -
(99 (g=d,s,b; ¢d=u,c) T1 < 16 x 1073 95% -

4 (4”' Generation) Quark, Searches for

Mass m > 190 GeV, CL = 95% (pp, quasi-stable b')
Mass m > 1130 GeV, CL = 95% (B(b' — Zb) =1)
Mass m > 1350 GeV, CL =95% (B(b' — Wt)=1)
Mass m > 46.0 GeV, CL = 95% (et e, all decays)

t' (4*" Generation) Quark, Searches for

m(t'(2/3)) > 1280 GeV, CL = 95% (B(t' — Zt) =1)
m(t'(2/3)) > 1295 GeV, CL = 95% (B(t' — Wb) = 1)
m(t'(2/3)) > 1310 GeV, CL = 95%  (singlet t')
m(t'(5/3)) > 1350 GeV, CL = 95%

Free Quark Searches

All searches since 1977 have had negative results.

NOTES

[a] A discussion of the definition of the top quark mass in these measure-
ments can be found in the review “The Top Quark.”

[b] Based on published top mass measurements using data from Tevatron
Run-I and Run-1l and LHC at /s = 7 TeV. Including the most recent un-
published results from Tevatron Run-I1I, the Tevatron Electroweak Work-
ing Group reports a top mass of 173.2 + 0.9 GeV. See the note “The
Top Quark’ in the Quark Particle Listings of this Review.

[c] This limit is for ['(t — ~q)/T(t — Wb).

[d] This limit is for I'(t — Zq)/T(t - Wb).
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For | =1 (m, b, p, a): ud, (uﬁfda)/\/i_, du;
for i =0, ', h W, w, & f, ) c (vt + dd) + c(s3)
r* 16(Py=17(07)
Mass m = 139.57039 + 0.00018 MeV (S = 1.8)
Mean life 7 = (2.6033 & 0.0005) x 10785 (S =1.2)
cr = 7.8045 m
7t o £y form factors [l
Fy = 0.0254 + 0.0017
Fa = 0.0119 4+ 0.0001
Fy/ slope parameter a = 0.10 £+ 0.06
R =0.059+0:9%
7~ modes are charge conjugates of the modes below.
For decay limits to particles which are not established, see the section on
Searches for Axions and Other Very Light Bosons.

P
=+ DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
ut vy [b] (99.98770+0.00004) % 30

v,y [c] (200 +025 )x104 30
et v, [b] (1230 +0.004 )x10~4 70
etvey [c] (739 =005 )x10~7 70
et yend ( 1.036 +£0.006 )x 10~8 4
etveete~ (32 +05 )x1079 70
etvevy <5 x 1076 90% 70
Lepton Family number (LF) or Lepton number (L) violating modes
ut o, L [d] < 15 x 1073 90% 30
ut e LF  [d] < 80 x 1073 90% 30
petetv LF < 16 x 1076 90% 30
° 16(UPG =170~ )
Mass m = 134.9768 + 0.0005 MeV (S = 1.1)
m_+ — m_o = 45936 £ 0.0005 MeV
Mean life 7 = (8.52 £ 0.18) x 10~ 7's (S =1.2)
cr =25.5nm
For decay limits to particles which are not established, see the appropriate
Search sections (A" (axion) and Other Light Boson (X") Searches, etc.).
Scale factor/ p
70 DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
2y (98.823+0.034) % S=1.5 67
ete ( 1.174+0.035) % S=1.5 67
~ypositronium (1.82 £0.29 ) x 1072 67
etete e~ (334 £0.16 ) x 1075 67
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ete™ (646 +£0.33 ) x 108 67
4y < 2 x1078  CL=90% 67
v le] < 27 x1077  CL=90% 67
VeTe < 17 x 1076 CL=90% 67
V.7, < 16 x107®  CL=90% 67
VU, < 21 x 1076 CL=90% 67
YT < 19 x1077  CL=90% 67
Charge conjugation (C) or Lepton Family number (LF) violating modes
3y c < 31 x1078  CL=90% 67
ute LF < 38 x 10710 cL=90% 26
u—et LF < 34 x1079  CL=90% 26
pte™ + pet LF < 36 x 10710 cL=90% 26
IG(JPC):0+(0*+)
Mass m = 547.862 + 0.017 MeV
Full width ' = 1.31 4 0.05 keV
C-nonconserving decay parameters
rta— a0 left-right asymmetry = (0.09 911y x 102
mta—a®  sextant asymmetry = (0.127+; 10) x 1072
ata~ 7% quadrant asymmetry = (—0.09 & 0.09) x 1072
ata~y  left-right asymmetry = (0.9 + 0.4) x 1072
atr=y B (D-wave) = —0.02 + 0.07 (S = 1.3)
CP-nonconserving decay parameters
m+r~ et e decay-plane asymmetry Ay = (—0.6 + 3.1) x 1072
Other decay parameters
07070  Dalitz plot o = —0.0288 & 0.0012 (S = 1.1)
Parameter A in 7 — £t 0=~ decay = 0.716 = 0.011 GeV/c?
Scale factor/ p
n DECAY MODES Fraction (I;/T) Confidence level (MeV/c)
Neutral modes
neutral modes (72.1240.34) % S=1.2 -
2y (39.4140.20) % S=1.1 274
370 (32.68+£0.23) % S=1.1 179
702~ (2.56+0.22) x 1074 257
2792~ < 12 x1073  CL=90% 238
4y < 28 x 104 CL=90% 274
invisible < 1.0 x 104 CL=90% -
Charged modes
charged modes (27.8940.29) % S=1.2 -
at a0 (22.92+0.28) % s=1.2 174
atay ( 4.22+0.08) % S=1.1 236
etey (6.9 £0.4 )x1073 s=13 274
=y (31 04 )x10~4 253
ete” < 7 x 1077 CL=90% 274
wtp~ (58 £0.8 )x106 253
2et2e~ ( 2.40+0.22) x 107 274
rta~ete(v) (2.68+0.11) x 10~4 235
ete putp~ < 16 x 1074 CL=90% 253
2ut 2o~ < 36 x 1074 CL=90% 161
ptp—ntr— < 36 x10~4 CL=90% 113
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nte Ta+ cc. < 17 x 10~4 CL=90% 256
ata—2y < 21 x 1073 236
ata 0y <5 x 104 CL=90% 174
Ot =y < 3 x10~© CL=90% 210
Charge conjugation (C), Parity (P),
Charge conjugation x Parity (CP), or
Lepton Family number (LF) violating modes
a0y c 1< o x1075  CL=90% 257
atmw™ p,cP < 13 x 1075 CL=90% 236
270 pP,.CP < 35 x10=4  CL=90% 238
270 c <5 x1074  CL=90% 238
30y c < 6 x1075  CL=90% 179
3y c < 16 x 1075 CL=90% 274
470 P.CP < 6.9 x1077  CL=90% 40
nlete~ C gl < 8 x1076  CL=90% 257
Ot f gl< 5 x1076  CL=90% 210
pte” + pet LF < 6 x1076  CL=90% 264
fo(500) 16PC) =0t + )
also known as o; was f;(600)
See the review on " Scalar Mesons below 2 GeV.”
Mass (T-Matrix Pole /s) = (400-550)—i(200-350) MeV
Mass (Breit-Wigner) = (400-550) MeV
Full width (Breit-Wigner) = (400-700) MeV
p(770) 16(UPCYy = 1+1— )
See the note in p(770) Particle Listings.
Mass m = 775.26 = 0.25 MeV
Full width ' = 149.1 & 0.8 MeV
lee = 7.04 = 0.06 keV
Scale factor/ p
p(770) DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
T ~ 100 % 363
p(770)% decays
ey ( 45 £05 ) x 104 $=2.2 375
nty < 6 x 1073 CL=84% 152
atat a0 < 20 x 1073 CL=84% 254
p(770)° decays
ata=y (99 £16 ) x 1073 362
70 ( 47 +06 ) x 10—4 S=1.4 376
ny ( 3.0040.21 ) x 1074 194
700y ( 45 +08 ) x 10~5 363
ptp= [h ( 4.55+0.28 ) x 1073 373
ete~ (A ( 4.72+0.05 ) x 1073 388
atr— 0 ( 101F558£0.34) x 1074 323
rtr ntn ( 1.8 £09 ) x 1075 251
atr= 7070 ( 1.6 +038 ) x 10~5 257
mete < 12 x 1075 CL=90% 376
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w(782)

1I6JPC =01~ )

Mass m = 782.65 + 0.12 MeV (S = 1.9)
Full width ' = 8.49 £ 0.08 MeV

Mee = 0.60 £ 0.02 keV

Scale factor/ p
w(782) DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
ata= 70 (89.3 £0.6 )% 327
0y (8.40+0.22) % 5=1.8 380
atr~ ( 1.530.06) % 366
neutrals (excludingz®~) (7 1 )x1w073 s=11 -
ny (45 +£0.4 )x10~4 S=1.1 200
nlet e~ (7.7 £06 ) x 1074 380
Ot p (1.34+0.18) x 10—4 S=15 349
ete™ ( 7.36+0.15) x 105 S=1.5 391
ata= 7070 < 2 x1074%  CL=90% 262
atr =y < 36 x 1073 CL=95% 366
ata-ata~ <1 x 1073 CL=90% 256
w070~ (67 +1.1 )x 1075 367
nw0 < 33 x107%  CL=90% 162
wtp~ (7.4 £18 )x 1075 377
3y < 1.9 x10~4 CL=95% 391
Charge conjugation (C) violating modes
nm0 c < 22 x107%  CL=90% 162
270 c < 22 x10~4  CL=90% 367
370 c < 23 x10=%  CL=90% 330
invisible <7 x 1072 CL=90% -
7/(958) 16(PCY =0t (0~ 1)
Mass m = 957.78 + 0.06 MeV
Full width ' = 0.188 + 0.006 MeV
p
1/ (958) DECAY MODES Fraction (I;/T) Confidence level (MeV/c)
rtr (425 405 )% 232
p%~ (including non-resonant (295 +04 )% 165
7t )
w070y (224 +05 )% 239
wy (252 +£0.07 )% 159
wete~ (20 +04 )x1074 159
vy ( 2.307+0.033) % 479
370 (250 +£0.17 ) x 10~3 430
wtp=y (1.13 +£0.28 ) x 1074 467
atr~ /1,"' no < 29 x 1075 90% 401
ot 0 (3.61 +£0.17 ) x 10~3 428
(rF 7~ 70) S-wave (38 +05 )x1073 428
¥ pt (74 +23 )x10~4 106
70 p0 < 4 % 90% 111
2nta) (84 +09 )x1075 372
atr— 270 (18 +04 )x1074 376
2(7F 77) neutrals <1 % 95% -
2Art = )m0 < 18 x 1073 90% 298
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2(rt ) 270 <1 % 95% 197
3(rt ) < 31 x 1075 90% 189
K*rnF < 4 x10~5 90% 334
atn—ete (24 *13 yx10-3 458
nte ve+ cc. < 21 x 1074 90% 469
~ete™ (491 £027 ) x 10~4 479
70y (320 £0.24 ) x 1073 469
70~ (non resonant) (62 +09 )x10~4 -
nyYy < 133 x 1074 90% 322
470 < 32 x 10~4 90% 380
ete~ < 56 x 1072 90% 479
invisible < 6 x 10~4 90% -
Charge conjugation (C), Parity (P).
Lepton family number (LF) violating modes
ata~ P,CP < 18 x 1075 90% 458
7070 P,CP < 4 x 10—4 90% 459
lete f gl < 1.4 x 1073 90% 469
nete~ c lg] < 2.4 x 1073 90% 322
3y c < 1.0 x 10~4 90% 479
a0 c gl < 6.0 x 1075 90% 445
wrp=n c gl < 15 x 1073 90% 273
en LF < 47 x 1074 90% 473
fo(980) 16PC) =0t + )
See the review on "Scalar Mesons below 2 GeV."”
Mass m = 990 + 20 MeV
Full width ' = 10 to 100 MeV
a9(980) 16UPCG =170+ )
See the review on "Scalar Mesons below 2 GeV.”
Mass m = 980 + 20 MeV
Full width ' = 50 to 100 MeV
#(1020) 1I6JPC =01~ )
Mass m = 1019.461 + 0.016 MeV
Full width T = 4.249 £ 0.013 MeV (S = 1.1)

Scale factor/ p
¢(1020) DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
Kt K= (492 +05 )% $=1.3 127
K9 KY (340 +0.4 )% $=1.3 110
pr + wta— a0 (1524 +0.33 ) % S=1.2 -
ny ( 1.30340.025) % S=1.2 363
70 ( 1.30 £0.05 ) x 10~3 501
o — 510

ete ( 2.97340.034) x 10—4 s=1.3 510
whp~ (286 £0.19 ) x 10~4 499
nete~ (1.08 £0.04 ) x 10~4 363
rtr~ (73 £13 )x107° 490
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wm? (47 +05 )x1075 172
wy < 5 % CL=84% 209
Y < 12 X107  CL=90% 215
rtaTy (41 £13 )x1075 490
15(980) v (322 £0.19 ) x 104 S=1.1 29
70y (112 +£0.06 ) x 104 492
st nta~ (3.9 fgg ) x 1076 410
atrta= a7l < 46 x 1076 CL=90% 342
nlete (133 F507 ) x10-5 501
7Ony (7.27 £0.30 ) x 1072 S=15 346
a0(980)y (76 +06 )x107° 39
KOKO < 19 x 1078 CL=90% 110
7'(958) (6.22 £0.21 ) x 1079 60
nm0n0y < 2 x 1075  CL=90% 293
utu=ny (14 +£05 )x1075 499
PYY < 12 x1074  CL=90% 215
prt o < 18 x107%  CL=90% 288
nut < 94 x 1076 CL=90% 321
nU — nete~ <1 x1076  CL=90% -
invisible < 17 x1074%  CL=90% -
Lepton Family number (LF) violating modes
et uF LF < 2 x 1076 CL=90% 504
h1(1170) 1I6(JPCy =0~ 1)
Mass m = 1166 + 6 MeV
Full width [ = 375 + 35 MeV
by (1235) 16UPCY =1+ + )
Mass m = 1229.5 + 3.2 MeV (S = 1.6)
Full width ' = 142 + 9 MeV (S = 1.2)
P

by (1235) DECAY MODES Fraction (I;/T) Confidence level (MeV/c)
atny (1.6+0.4) x 10~3 607
tatr 0 < 50 % 84% 535
(KK)® 70 < 8 % 90% 248
K% K9 nt < 6 % 90% 235
KS Kk nt < 2 % 90% 235
o < 15 % 84% 147

See Particle Listings for 3 decay modes that have been seen / not seen.

a;(1260) [

IG(JPC) — 1*(1++)

Mass m = 1230 + 40 MeV Ul
Full width I = 250 to 600 MeV
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f,(1270) 16(JPCy = ot2t 1)
Mass m = 1275.5 &+ 0.8 MeV
Full width I = 186.7 722 MeV (S = 1.4)

Scale factor/ p
£,(1270) DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
T (842 T23 )% S=1.1 623
ata2x0 (77 1% $=1.2 563
KK (46 T35y % $=2.7 404
ontor— (28 £04)% s=1.2 560
nn (40 +08 )x1073 s=2.1 326
470 (3.0 £1.0 ) x 103 565
vy ( 1.42£0.24) x 107> S=1.4 638
nmmw < 8 x 1073 CL=95% 478
KOK— 7t + cc. < 34 x1073  CL=95% 293
ete” < 6 x 10710 cL=90% 638

f1(1285) 1GUPCY = ot + 1)
Mass m = 1281.9 &+ 0.5 MeV (S = 1.8)
Full width T = 227 £ 1.1 MeV (S = 1.5)

Scale factor/ p
f,(1285) DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
4r (32.7+ 1.9) % s=1.2 568

w0l rta— (21.8+ 1.3) % S=1.2 566
onton— (10.9+ 0.6) % S=1.2 563
POata (10.9+ 0.6) % S=1.2 336
470 <7 x 104 CL=90% 568
nata™ (35 +15 )% 479
nTw (522 2.0) % s=1.2 482
a0(980) 7 [ignoring ag(980) — (38 +4 )% 238
KK
nmr [excluding ag(980) 7] (14 +4)% 482
KK (9.0+ 0.4)% S=1.1 308
atr— 0 ( 3.0+ 0.9)x 1073 603
prat < 31 x 103 CL=95% 390
7 p° (61£ 1.0)% S=1.7 406
oy (7.4+ 26)x 1074 236
ete~ < 9.4 x 1079 CL=90% 641

See Particle Listings for 2 decay modes that have been seen / not seen.

n(1295) 1GPCY = ot~ 1)

See the review on "Pseudoscalar and pseudovector mesons in the
1400 MeV region.”

Mass m = 1294 + 4 MeV (S = 1.6)

Full width ' = 55 &+ 5 MeV
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7(1300) 6P =170~ )

Mass m = 1300 + 100 MeV Ul
Full width T = 200 to 600 MeV

a3,(1320) 16UPCY =12+ )

Mass m = 1316.9 + 0.9 MeV (S = 1.9)
Full width I = 107 + 5 MeV Ul

Scale factor/ p
a5(1320) DECAY MODES Fraction (I';/T) Confidence level (MeVc)
37 (701 +27 )% S=1.2 623
nm (145 £12 )% 535
wmrm (10.6 £32 )% S=1.3 364
KK (49 +08 )% 436
7'(958) 7 (55 +09 )x10~3 287
nty (2.91+0.27) x 10-3 651
vy (9.4 407 )x1076 658
ete~ <5 x 1079 CL=90% 658

(1370) 16(JPCy = ot t 1)

See the review on "Scalar Mesons below 2 GeV.”
Mass m = 1200 to 1500 MeV

Full width I' = 200 to 500 MeV

m1(1400) ¥ 6P =171—7)

See the review on "Non-gq Mesons.”
Mass m = 1354 £ 25 MeV (S = 1.8)
Full width ' = 330 £+ 35 MeV

n(1405) 16(UPCY = ot (0— )

See the review on " Pseudoscalar and Pseudovector Mesons in the
1400 MeV Region.”

Mass m = 1408.8 + 2.0 MeV (S =2.2)

Full width I = 50.1 &+ 2.6 MeV (S = 1.7)

p
n(1405) DECAY MODES Fraction (I;/T) Confidence level (MeVjc)

pp <58 % 99.85% t
See Particle Listings for 9 decay modes that have been seen / not seen.

hy(1415) 16(JPCy =0—(1+ )

was h1(1380)
Mass m = 1416 + 8 MeV (S = 1.5)
Full width I' = 90 + 15 MeV




Meson Summary Table 35
f1(1420) 1I6(UPCy = ot t )
See the review on " Pseudoscalar and Pseudovector Mesons in the
1400 MeV Region.”
Mass m = 1426.3 + 0.9 MeV (S = 1.1)
Full width T = 54.5 4+ 2.6 MeV
w(1420) 16UPC =01~ )
Mass m = 1410 + 60 MeV Ul
Full width I = 290 + 190 MeV U
a0(1450) 16UPCY = 1=+ )
See the review on "Scalar Mesons below 2 GeV.”
Mass m = 1474 + 19 MeV
Full width I = 265 + 13 MeV
ag(1450) DECAY MODES Fraction (I';/T) p (MeV/c)
) 0.093+0.020 627
71 (958) 0.033£0.017 410
KK 0.08240.028 547
wTT DEFINED AS 1 484
See Particle Listings for 2 decay modes that have been seen / not seen.
p(1450) 16JPCy = 1+a1— )
See the note in p(1450) Particle Listings.
Mass m = 1465 & 25 MeV Ul
Full width T = 400 + 60 MeV Ul
n(1475) 16(JPCYy = ot (0 — )
See the review on " Pseudoscalar and Pseudovector Mesons in the
1400 MeV Region.”
Mass m = 1475 +£ 4 MeV (S = 1.4)
Full width ' =90 £ 9 MeV (S = 1.6)
f(1500) 16UPCY = ot + )
See the reviews on "Scalar Mesons below 2 GeV” and on "Non-qq
Mesons”.
Mass m = 1506 + 6 MeV (S = 1.4)
Full width ' = 112 4= 9 MeV
P
fo(1500) DECAY MODES Fraction (I';/T) Scale factor  (MeV/c)
T (34.5+2.2) % 1.2 741
A (48.94+3.3) % 1.2 692
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nn ( 6.0+0.9) % 1.1 517
01’ (958) (22+40.8) % 1.4 20
KK (85+1.0)% 1.1 569

See Particle Listings for 9 decay modes that have been seen / not seen.

%(1525) 16(JPCy = ot2t 1)

Mass m = 1517.4 + 2.5 MeV (S = 2.8)
Full width ' = 86 £ 5 MeV (S =2.2)

p

f’2(1525) DECAY MODES Fraction (I';/T) Scale factor (MeV/c)

KK (87.6+2.2) % 1.1 576

nn (11.6+2.2) % 1.1 525

T (83+1.6)x1073 747

vy (95+1.1)x 1077 1.1 759
1 (1600) 1I6JPCy =11~ 1)

See the review on "Non-gq Mesons” and a note in PDG 06, Journal
of Physics G33 1 (2006).

Mass m = 1660715 Mev (S = 1.2)

Full width ' = 257 + 60 MeV (S = 1.9)

a;(1640) 6P =17+ )

Mass m = 1655 £+ 16 MeV (S = 1.2)
Full width ' = 254 + 40 MeV (S = 1.8)

172(1645) 16UPCY = ot2— )

Mass m = 1617 + 5 MeV
Full width ' = 181 + 11 MeV

w(1650) | 16(UPG =017 ")

Mass m = 1670 + 30 MeV Ul _
Full width I = 315 =& 35 MeV Ul

w3(1670) 16UPC =0=(37 ")

Mass m = 1667 + 4 MeV
Full width ' = 168 + 10 MeV

m9(1670) 16UPG =12~ )

Mass m = 1670.6 723 MeV (S = 1.3)
Full width T = 25878 MeV (S = 1.2)




Meson Summary Table

37

p
m5(1670) DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
37 (95.8+1.4) % 808

f>,(1270) 7 (56.3£3.2) % 327
pm (Bl +£4 )% 647
om (10 +4 )% -
7 (77) s-wave (87+£34)% -
rEat (53 +£4 )% 806
K K*(892)+ c.c. (42+1.4)% 453
wp (27+11) % 302
ey (7.0£1.2) x 1074 829
vy < 28 x 1077 90% 835
nm < 5 % 739
atonton— <5 % 735
p(1450) 7 < 36 x 1073 97.7% 145
b1(1235) 7 < 19 x 1073 97.7% 364
See Particle Listings for 2 decay modes that have been seen / not seen.
#(1680) 16(JPC) =01~ )
Mass m = 1680 + 20 MeV U
Full width T = 150 + 50 MeV Ul
p3(1690) 16(JPCY = 1+(3— )
Mass m = 1688.8 + 2.1 MeV
Full width I = 161 + 10 MeV (S = 1.5)

p
p3(1690) DECAY MODES Fraction (I';/T) Scale factor  (MeV/c)
47 (71.1 £ 1.9 )% 790

atrt a0 (67 +22 )% 787
wT (16 +£6 )% 655
T (236 £ 1.3)% 834
KK (38 +12)% 629
KK (1.58+ 0.26) % 1.2 685

See Particle Listings for 5 decay modes that have been seen / not seen.

p(1700)

/G(JPC) — 1+(1 )

See the note in p(1700) Particle Listings.
Mass m = 1720 + 20 MeV U1 (5 and 7+ 7~ modes)
Full width T = 250 & 100 MeV Ul (7% and 7+ 7~ modes)

a,(1700)

/G(JPC) =1"(2t+*

Mass m = 1705 + 40 MeV
Full width ' = 258 + 40 MeV

3(1700) DECAY MODES

Fraction (I';/T) p

(MeV/c)

nm
T
KK

(3.7 £1.0 )%
(1.164+0.27) x 10~©
(1.9 £1.2 )%

758
852
695



38 Meson Summary Table

See Particle Listings for 4 decay modes that have been seen / not seen.

(1710) 1G(UPCY = ot (0 + )

See the review on "Non-gg Mesons.”
Mass m = 1704 + 12 MeV
Full width ' = 123 & 18 MeV

7(1800) 16UPCY =1=(0— )

Mass m = 1810%, MeV (S = 2.2)
Full width T = 2157% MeV

¢3(1850) 16UPCG =0=3 ")

Mass m = 1854 £ 7 MeV
Full width I = 87738 MeV (S =1.2)

m(1870) 16UPC =0t~ )

Mass m = 1842 + 8 MeV
Full width ' = 225 + 14 MeV

m9(1880) 16UPG =12~ )

Mass m = 1874728 MeV (S = 1.6)
Full width T = 23733 Mev (S = 1.2)

£,(1950) 16UPCy = o2+ )

Mass m = 1936 + 12 MeV (S = 1.3)
Full width ' = 464 + 24 MeV

34(1970) 1GUPCY =1—@a++)

was az(2040)
Mass m = 1967 £ 16 MeV (S = 2.1)
Full width T = 324712 MeV

£(2010) 16(PC) =0t + )

Mass m = 2011fgg MeV
Full width ' = 202 + 60 MeV
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f,(2050) 16UPCY = ot@++)

Mass m = 2018 + 11 MeV (S = 2.1)
Full width I' = 237 +£ 18 MeV (S = 1.9)

£4(2050) DECAY MODES Fraction (I';/T) p (MeV/c)

e (17.0+1.5) % 1000
e 4 —

KK (68+34)x1073 880

nn (2.140.8) x 1073 848

470 < 12 % 964

See Particle Listings for 2 decay modes that have been seen / not seen.

#(2170) 1I6JPC) =01~ )

Mass m = 2160 + 80 MeV Ul
Full width T = 125 + 65 MeV Ul

£(2300) 16PC) =0t t )

Mass m = 2297 + 28 MeV
Full width ' = 149 + 40 MeV

£,(2340) 1GUPCy = ot + 1)

Mass m = 23451'28 MeV
Full width I = 3227 {3 MeV

STRANGE MESONS
(S=+1,C=B=0)

KT =us, KO = ds, KO =ds, K~ =Ts, similarly for K*'s

K* 1Py = 307)

Mass m = 493.677 + 0.016 MeV [0 (S = 2.8)
Mean life 7 = (1.2380 & 0.0020) x 1078 s (S = 1.8)
cr=3711m

CPT violation parameters (A = rate difference/sum)
AKE = pFy,) = (=027 £021)%
A(KE = 7 70) = (0.4 £ 0.6)% [Pl

CP violation parameters (A = rate difference/sum)
AKT - atete) =(-22+16)x1072
A(KE = 7 ptp~) = 0.010 + 0.023
AKT = 7F705) = (0.0 £ 1.2) x 1073
AKT = atata) = (0.04 +0.06)%
AKE = 7E7070) = (-0.02 + 0.28)%
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T violation parameters
Kt = nuty, Pp=(-17+25)x1073
Kt = pty,y  Pp=(—06=%19)x1072
Kt = 7%utv, Im(¢) = —0.006 + 0.008

Slope parameter g 9]
(See Particle Listings for quadratic coefficients and alternative
parametrization related to 77 scattering)

K* & 7fatr— g=—0.21134 + 0.00017

(6r —g.)/ (g +8)=(-15+£22)x107*
Kt 5 afa0720 g = 0.626 + 0.007

(gr —&)/(gy +&)=(18+18)x10*
K% decay form factors [2]

Assuming p-e universality
M (Ki3) = Ap(Kg3) = (2.959 + 0.025) x 1072
Mo(Kf3) = (176 £ 0.25) x 1072 (S =2.7)

Not assuming u-e universality
A (K%)= (2.956 & 0.025) x 1072
A (Kj5) = (3.09 £0.25) x 1072 (S = 1.5)
/\O(K/E) =(1.73+ 0.27) x 1072 (S = 2.6)

Kesz form factor quadratic fit
N (KE) linear coeff. = (2.59 + 0.04) x 1072
X', (K%,) quadratic coeff. = (0.186 =+ 0.021) x 102
Xy (LINEAR Ki? FORM FACTOR FROM QUADRATIC FIT) =
(24 + 4) x 1073
X", (QUADRATIC K, FORM FACTOR) = (1.8 + 1.5) x 1073
My, (VECTOR POLE MASS FOR Kei3 DECAY) = 890.3 + 2.8 MeV
My, (VECTOR POLE MASS FOR K/j;3 DECAY) = 878 + 12 MeV
Ms (SCALAR POLE MASS FOR K3 DECAY) = 1215 + 50 MeV
A4 (DISPERSIVE VECTOR FORM FACTOR IN Keie' DECAY) =

(2.460 + 0.017) x 1072
A, (DISPERSIVE VECTOR FORM FACTOR IN ng DECAY) =

(25.4 +0.9) x 1073
In(C) (DISPERSIVE SCALAR FORM FACTOR in Kj3 decays ) =

(182 + 16) x 1073
K& |fs/fi| = (-0.08833) x 1072
Kl |fr/fe| = (-12713) x 1072
Ky |fs/fi| = (0.2 £0.6) x 1072
Kz |fr/fi| = (=014 07) x 1072
Kt — etvey |Fa+ Fy|=10133+£0008 (S=13)
KT = utv,y |Fa+ Fy|=0.165+0.013
KT = eTvey |Fa— Fy| < 049, CL=90%
Kt — puTu,y |Fa— Fy|=-01534+0033 (S=11)
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Charge radius
(r) = 0.560 + 0.031 fm

Forward-backward asymmetry
_ T(cos(0k ,,)>0)—T (cos(0k ,,)<0)
AFB(KTF/J,U) - I'(cos(QiZ)>0)+r(cos(9:ﬁ)<0)
90%

K™ modes are charge conjugates of the modes below.

Kt DECAY MODES Fraction (I;/T)

< 23x1072,CL=

Scale factor/ p
Confidence level (MeV/c)

et e ( 1.582+0.007) x 1073 247
utu, ( 63.56 +0.11 )% S=1.2 236
70 e+ ( 5.07 £0.04 )% S=21 228
Called K.
uty, ( 3.352+0.033) % s=1.9 215
Called Kls-
m0n0et v, ( 255 £0.04 ) x 1075 S=1.1 206
7r+7r e+ ( 4.247+0.024) x 1075 203
mtruty, ( 1.4 +09 )x1073 151
m0r070ety < 35 x1076  CL=90% 135
Hadronic modes
at g0 ( 20.67 £0.08 ) % s=1.2 205
at 70 n0 ( 1.7600.023) % S=11 133
atata™ ( 5.583+0.024) % 125
Leptonic and semileptonic modes with photons
v,y [st] ( 62 +08 )x1073 236
utv,~(SDY) [au] ( 1.33 £0.22 )x 1075 -
pt v,y (SDTINT) [au] < 27 x107%  CL=90% -
1t v, y(SD™ + SDTINT) [au] < 26 x1074%  CL=90% -
et ey ( 94 +04 )x1076 247
et ey [sf] ( 256 +0.16 )x 104 228
70et vev(SD) [au] < 53 x1075  CcL=90% 228
O uty,y [t ( 1.25 £0.25 ) x 1075 215
w0m0et ey < 5 x1076  CL=90% 206
Hadronic modes with photons or £Z pairs
a0~ (INT) (- 42 £09 )x1076 -
7t a0~ (DE) [sv] ( 60 +04 )x107© 205
atalete~ ( 424 £0.14 )x 1076 205
mta0n0y g (76 8% )x10-6 133
atatr=y [st] ( 71 405 )x10° 125
Ty [s] ( 1.01 +0.06 )x10~6 227
7t 3y [s] < 10 x10~4  cL=90% 227
atete (119 +£0.13 )x10~8 227
Leptonic modes with ¢Z pairs

et vevw < 6 x1075  CL=90% 247
ptv,vo < 24 x1076  cL=90% 236
et ue ete™ ( 248 +£0.20 )x 1078 247
u vete” ( 7.06 £0.31 )x10~8 236
*ve ;ﬁu ( 1.7 +05 )x1078 223
M+ vt < 41 x10—7  CL=90% 185

Leptonic and semileptonic modes
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Lepton family number (LF), Lepton number (L), AS = AQ (5Q)
violating modes, or AS = 1 weak neutral current (S1) modes

rtrte g sQ < 13 x1078  CL=90% 203
rtat Ty, 5Q < 30 x1076  CL=95% 151
atete s1 ( 3.00 £0.09 ) x10~7 227
atutp~ s1 ( 9.4 +06 )x1078 S=26 172
Ttvo s1 ( 1.7 £11 )x10-10 227
ataluw s1 < 43 x1075  CL=90% 205
uvetet LF < 21 x1078  CL=90% 236
whve LF [d< 4 x1073  CL=90% 236
atute” LF < 13 x10-11  cL=90% 214
atp~et LF < 52 x10710  cL=90% 214
~utet L < 50 x10710  cL—90% 214
n-etet L < 22 x10710  cL=90% 227
- utut L < 42 x10711  cL=90% 172
utoe L [d < 33 x1073  CL=90% 236
et T L < 3 x1073  CL=90% 228
ey X< 23 x1079  CL=90% 227
KO 1Py = 307)
50% Ks, 50% K
Mass m = 497.611 4+ 0.013 MeV (S = 1.2)
Mo — My = 3.934 £ 0.020 MeV (S = 1.6)
Mean square charge radius
() = —0.077 £ 0.010 fm?
T-violation parameters in K-K? mixing [']
Asymmetry At in K%-KO mixing = (6.6 + 1.6) x 1073
CP-violation parameters
Re(e) = (1.596 + 0.013) x 1073
CPT-violation parameters [']
Red = (254 2.3)x 104
Imé = (—1.5 £ 1.6) x 107°
Re(y), K.3 parameter = (0.4 + 2.5) x 103
Re(x_), Kez parameter = (—2.9 4 2.0) x 1073
[myo — Mgo| / Maverage < 6x 10719, CL = 90% D
(rKo - r?o)/maverage =(8£8)x 1018
Tests of AS = AQ
Re(xy), Ke3 parameter = (—0.9 + 3.0) x 1073
K% 1Py =307
Mean life 7 = (0.8954 + 0.0004) x 10~10s (S =1.1) Assuming

CPT

Mean life 7 = (0.89564 + 0.00033) x 10710 s
Assuming CPT

cr = 2.6844 cm

Not assuming CPT
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CP-violation parameters (2]
Im(4_o) = —0.002 + 0.009
Im(ngge) = —0.001 £ 0.016
[mooo| = |A(KS — 379 /A(K? — 37%)| < 0.0088, CL = 90%
CP asymmetry Ain 7t~ ete™ = (—0.4 +0.8)%

Scale factor/ p
Kg. DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
Hadronic modes
7070 (30.6940.05) % 209
ata~ (69.200.05) % 206
_ 11 _
atr= 0 (35 T5g)x1077 133
Modes with photons or £Z pairs
ata=y [t,aa] ( 1.7940.05) x 10—3 206
atr ete™ ( 4.79+0.15) x 1075 206
70y [aa] (49 +1.8 )x 108 230
vy ( 2.63£0.17) x 106 $=3.0 249
Semileptonic modes
rteFu, [bb] ( 7.04+0.08) x 10—4 229
CP violating (CP) and AS = 1 weak neutral current (S1) modes
30 cP < 26 x 108 CL=90% 139
ptp= s1 < 8 x10710  cL=90% 225
ete s1 <9 x 1079 CL=90% 249
mlete s1 faa] (3.0 F15)x1079 230
Ot~ s1 (29 T15)x1079 177
0 Py _ 1/—
K} 1(J7) = 3(07)

mKL — mKS
= (0.5293 & 0.0009) x 1010 ,s=1 (S =1.3) Assuming CPT
= (3.484 + 0.006) x 10712 MeV  Assuming CPT
= (0.5289 + 0.0010) x 1010 & s=1  Not assuming CPT
Mean life 7 = (5.116 + 0.021) x 1078 s (S = 1.1)
cr =15.34m

Slope parameters 9]

(See Particle Listings for other linear and quadratic coefficients)
K — ntra0: g=0.678+0.008 (S =15)
K — 7tx= a0 h=0.076 £ 0.006
K} — ata= a0 k=10.0099 + 0.0015
K} —» n07%70: h=(0.6£12)x1073

K, decay form factors []

Linear parametrization assuming p-e universality

,\+(Kg3) = Ay (K%)= (282 £0.04) x 1072 (S=1.1)

Ao(K%3) = (1.38 £0.18) x 1072 (S =2.2)
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Quadratic parametrization assuming u-e universality
N (KDs) = N (K%)= (240 £0.12) x 1072 (S =1.2)
N (KD3) = N1 (K23) = (020 £ 0.05) x 1072 (S = 1.2)
Mo(K93) = (1.16 £ 0.09) x 1072 (S =1.2)
Pole parametrization assuming pu-e universality
MY, (K%3) = M§, (KQ3) = 878 £ 6 MeV (S = 1.1)
MY (KfB) = 12524 90 MeV (S = 2.6)
Dispersive parametrization assuming p-e universality
Ay = (251 £0.06) x 1072 (S = 1.5)
In(C) = (1.75 £ 0.18) x 10~! (S = 2.0)
KSy |fs/fy] = (15+18) x 102
K% |fr/fi| = (572) x 1072
KOy |fr/fy] = (12 £ 12) x 1072

n3
Ki— 50y, Kp— (0407 ay, = —0205 &
0.022 (S =18)
KO = ety KO — (re= 040~ aprp = —1.69 +
0.08 (S=17)

K, — wtn~ete : aj/ap = —0.737 £ 0.014 GeV?
K, — 792y ay = —0.434+0.06 (S=15)

CP-violation parameters [Z]

Ap = (0.332 £ 0.006)%
00| = (2220 +£0.011) x 103 (S =1.8)

[n4—| = (2232 £0.011) x 1073 (S = 1.8)
le| = (2.228 + 0.011) x 1073 (S = 1.8)
700 /74— | = 0.9950 + 0.0007 [l (S = 1.6)
Re(€/e) = (1.66 + 0.23) x 1073 [ccl (S = 1.6)
Assuming CPT
64— = (4351 £ 0.05)° (S =1.2)
doo = (43.52 + 0.05)° (S = 1.3)
de=dsw = (43.52 + 0.05)° (S = 1.2)
Im(€'/e) = —(¢g0 — b4_)/3 = (—0.002 £ 0.005)° (S = 1.7)
Not assuming CPT
b, =(43.4£05)° (S=1.2)
doo = (43.7 £ 0.6)° (S=12)
b = (435 +05)° (S =1.3)
CPasymmetry Ain K9 — ntr~ete™ = (13.7 £ 1.5)%
Bcp from K¢ — ete~ete™ = —0.19 £0.07
vcp from K? — ete"ete™ =0.01£0.11 (S=1.6)
jfor K9 —» a7~ x% = 0.0012 + 0.0008
ffor K — a7~ 70 = 0.004 £ 0.006
[74—~] = (2.35 £ 0.07) x 103
Gy—y = (44 £ 4)°
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€, |/e < 0.3, CL =90%

gk for KO — 7t7=v < 021, CL = 90%

T-violation parameters

H 0 _
Im(¢) in K93 = —0.007 + 0.026

CPT invariance tests
doo — b4 = (0.34 +0.32)°

A _
Re(3n,_ + 3mpo)—5 = (=3 £35)x107°

AS = —-AQin KY; decay
Re x = —0.002 + 0.006
Im x = 0.0012 + 0.0021

Scale factor/  p
Confidence level (MeV/c)

K9 DECAY MODES Fraction (T';/T)
Semileptonic modes

rteFu, [bb] (4055 +0.11 )%

Called K9;.
™t uFy, [bb] (27.04 £0.07 )%

0

Called K/ﬁ.
(7 patom)v (1.05 £0.11 ) x 10~
rteFy [bb] (520 +£0.11 ) x 10~
rteFrete [bb] ( 1.26 +£0.04 ) x 10~

S=1.7 229
S=1.1 216
7 188
5 207
5 229

Hadronic modes, including Charge conjugation x Parity Violating (CPV) modes

30 (19.52 +0.12 ) % S=16 139

Tl (12.54 £0.05 ) % 133
ata~ CPV [dd] ( 1.967+0.010) x 103 S=1.5 206
7070 cPv (8.64 £0.06 ) x 10~4 5=1.8 209

Semileptonic modes with photons
ateTuey [t,bb,ee] ( 3.79 +0.06 ) x 10~3 229
™t uFu,y (5.65 +£0.23 ) x 10~4 216
Hadronic modes with photons or £Z pairs
70n0n < 243 x 107 CL=90% 209
ata [tee] ( 4.15 +0.15 ) x 1075 S=2.8 206
7t 7=~ (DE) (284 £0.11 ) x 107 $=2.0 206
702y lee] ( 1.273£0.033) x 10—6 230
myete (1.62 +£0.17 ) x 108 230
Other modes with photons or £Z pairs
2y ( 5.47 +0.04 ) x10~4 S=1.1 249
3y < 74 x 108 CL=90% 249
ete (94 +04 )x10° S=2.0 249
whp—~ (359 £0.11 ) x 107 S=13 225
ete vy lee] ( 5.95 £0.33 ) x 10~/ 249
wtpu=yy lee] (1.0 fgg )yx 108 225
Charge conjugation x Parity (CP) or Lepton Family number (LF)
violating modes, or AS = 1 weak neutral current (S1) modes

whp~ s1 (6.84 £0.11 ) x 1079 225
ete” s1 (9 F§ Hxw12 249
atr ete” S1 [ee] (311 £0.19 )x 107 206
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w0nlet e s1 < 66 x 1072 CL=90% 209
w00t = s1 < 92 x 10711 CL=90% 57
utu~ete s1 (269 £0.27 )x 1079 225
eteete™ s1 (356 +£0.21 )x10~8 249
7O ut CP,SI1 [ff] < 3.8 x10-10  cL=90% 177
nlete” CP,S1 [ff] < 28 x 1010 CL=90% 230
%7 CP,S1[gg] < 3.0 x 1079 CL=90% 230
70w s1 < 81 x 10~7 CL=90% 209
et uF LF  [bb] < 47 x10712 cL=90% 238
et et T uF LF  [bb] < 412 x 1011 CL=90% 225
70 uF eF LF  [bb] < 7.6 x10~11 CL=90% 217
w00 y® e LF < 17 x10710  cL=00% 159
K3(700) 1(JP) = L(ot)

also known as r; was K{(800)

Mass (T-Matrix Pole /s) = (630-730) — i (260-340) MeV
Mass (Breit-Wigner) = 824 £+ 30 MeV
Full width (Breit-Wigner) = 478 + 50 MeV

K}§(700) DECAY MODES Fraction (I';/T) p (MeVyc)
Kn 100 % 240
K*(892) 1P =307)

K*(892)* hadroproduced mass m = 891.66 + 0.26 MeV

K*(892)* in 7 decays mass m = 895.5 & 0.8 MeV

K*(892)° mass m = 895.55 &+ 0.20 MeV (S = 1.7)

K*(892)* hadroproduced full width I = 50.8 + 0.9 MeV

K*(892)* in 7 decays full width I = 46.2 + 1.3 MeV

K*(892)0 full width I = 47.3 + 0.5 MeV (S = 1.9)

P
K*(892) DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
Kn ~ 100 % 289
KO~ ( 2.4640.21) x 103 307
KEy (9.9 £0.9 )x 104 309
Knm < 7 x 1074 95% 223
K1(1270) 1Py = 30

Mass m = 1253 + 7 MeV Ul (S = 2.2)

Full width T = 90 + 20 MeV U]
K;(1270) DECAY MODES Fraction (I';/T) p (MeVjc)
Kp (42 +6 )% i
K(1430) (28 +4 )% i
K*(892)w (16 £5 )% 286
Kw (11.0£2.0) % 1
K 15(1370) ( 3.0£2.0) % t

See Particle Listings for 1 decay modes that have been seen / not seen.
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K1(1400) 1UP) = 307)

Mass m = 1403 + 7 MeV
Full width ' = 174 £+ 13 MeV (S = 1.6)

K;(1400) DECAY MODES Fraction (I';/T) p (MeV/c)
K*(892) 7 (94 £6 )% 402
Kp (3.0£3.0)% 293
K fp(1370) (2.0£2.0) % i
Kw (1.0+£1.0) % 284

See Particle Listings for 2 decay modes that have been seen / not seen.

K*(1410) 1Py = 307)

Mass m = 1414 + 15 MeV (S = 1.3)
Full width T = 232 + 21 MeV (S = 1.1)

p
K*(1410) DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
K*(892) 7 > 40 % 95% 410
Km (6.6+13)% 612
Kp < 7 % 95% 305
v KO < 23 x 1074 90% 619
K3(1430) ("] 1P = 5(0%)

Mass m = 1425 + 50 MeV

Full width ' = 270 + 80 MeV
Ka(1430) DECAY MODES Fraction (I';/T) p (MeV/c)
K (93 +£10 )% 619
Kn (86F 2% 486
See Particle Listings for 1 decay modes that have been seen / not seen.

K3(1430) 10F) = 32™)

K3(1430)* mass m = 1427.3 + 1.5 MeV (S = 1.3)

K3(1430)° mass m = 1432.4 + 1.3 MeV

K3(1430)* full width I' = 100.0 + 2.1 MeV

K3(1430)° full width I =109 £ 5 MeV (S = 1.9)

Scale factor/ p

K;(1430) DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
K (49.9£1.2) % 620
K*(892) 7 (24.7+£1.5) % 420
K*(892) (13.4£2.2) % 373
Kp (87+0.8) % S=1.2 320
Kw (2.9408) % 313
Kt~ (24+05)x 1073 S=1.1 628

Kn (15+3d <103 $=1.3 488
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Kwr < 72 x10~4 CL=95% 106
KO <9 x 1074 CL=90% 627
K*(1680) 1Py =3a7)

Mass m = 1718 + 18 MeV
Full width ' = 322 + 110 MeV (S = 4.2)

K*(1680) DECAY MODES Fraction (I';/T) p (Mevjc)
K (38.7£2.5) % 782
Kp 314139 % 571
K*(892)m (29.9+22) % 618

See Particle Listings for 1 decay modes that have been seen / not seen.

Ky (1770) [ 1Py =102)

Mass m = 1773 + 8 MeV
Full width ' = 186 + 14 MeV

K»(1770) DECAY MODES Fraction (I';/T) p (MeVjc)

Krm 794
See Particle Listings for 5 decay modes that have been seen / not seen.

K3(1780) 0Py =167)

Mass m = 1776 £ 7 MeV (S = 1.1)
Full width ' = 159 + 21 MeV (S = 1.3)

p
K;(ITGO) DECAY MODES Fraction (I';/T) Confidence level (MeVjc)
Kp B1 £9 )% 613
K*(892) 1 (20 £5 )% 656
K (18.8+ 1.0) % 813
Kn (30 +13 )% 719
K3(1430)7 < 16 % 95% 290
K»(1820) Ul 1Py =1@7)
Mass m = 1819 + 12 MeV
Full width ' = 264 + 34 MeV
K?(2045) 1UP) = 3
Mass m = 204878 MeV (S = 1.1)
Full width T = 19927 MeV
K3(2045) DECAY MODES Fraction (I';/T) p (MeVc)
K (9.9+1.2) % 960

K*(892) (9 5 )% 804
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K*(892)rmrm (7 £5 )% 770
pKm (5.7£3.2) % 744
wKT (5.04+3.0) % 740
oKT (2.84+1.4) % 597
¢ K*(892) (1.4£0.7) % 368

CHARMED MESONS
(C=+1)
Dt =cd, D9 = cu, D® =Cu, D~ =¢d, similarly for D*'s

D:l:

14P) = 3(07)
Mass m = 1869.65 + 0.05 MeV

Mean life 7 = (1040 + 7) x 1071% s
cr = 311.8 um

c-quark decays

M(c — ¢*anything)/I(c — anything) = 0.096 = 0.004 (k]
I (c — D*(2010)*anything)/I(c — anything) = 0.255 + 0.017

CP-violation decay-rate asymmetries

Acp(iEv) = (8 + 8)%

Acp(K¥etv) = (0.6 £ 1.6)%

Acp(K%n%) = (—0.41 £ 0.09)%

Acp(KYK*) in D — KYK* = (—4.2 £ 3.4) x 1072
Acp(KT27%t) = (—0.18 £ 0.16)%

Acp(KFrEata0) = (-03 £ 0.7)%

Acp(Kemtn0) = (—0.1+£07)%

Acp(Kintntn™) = (0.0 £ 12)%

Acp(ﬂ'iﬂ'o) =(24+12)%

Acp(ntn) = (1.0 £ 1.5)% (S =1.4)
Acp(nt1/(958)) = (—0.6 £ 0.7)%

Acp(KY/KOK*®) = (0.11 + 0.17)%

Acp(KYKE) = (-0.01 £ 0.07)%

Acp(KKEr0) in D* — KIK*70 = (1 £ 4) x 1072
Acp(KYKkEa0) in D —» KIKF70 = (-1+£4)x 1072
Acp(KT K= 7%) = (0.37 + 0.29)%

Acp(KEK*0) = (=0.3 £ 0.4)%

Acp(¢pnT) = (0.01 £ 0.09)% (S = 1.8)
Acp(K*K5(1430)°) = (87 ()%

Acp(K* K3(1430)°) = (43138)%

Acp(KEK§(700) = (—12713)%

Acp(a9(1450)07%) = (—19+14)%

Acp(4(1680)7%) = (—9 + 26)%

Acp(rTn—nt) = (-2 + 4)%

Acp(KAKErt =) = (-4 £1)%

Acp(KE70) = (—4 + 11)%

X? tests of CP-violation (CPV)

Local CPV in DT — #ta— 7t =78.1%
Local CPV in DT —» KT K~ 7% =31%
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CP violating asymmetries of P-odd (7-odd) moments

D+

Most

AT(KYKFatn™) = (—12 £ 11) x 1073 [1]

form factors

£1(0)| Ves| in KOt vy = 0.719 £ 0.011 (S = 1.6)
n=a/ain KOty =-213+0.14

r=ayjagin KO vy, = -3+12 (S=15)

£(0)| Veg in 70¢F v, = 0.1407 =+ 0.0025

rn =a/agin 70ty = —2.00 + 0.13

r=ay/aginnllty, =445

£1(0)|Veq| in DT = netye = (8.3 £0.5) x 1072
n=ay/ain Dt — netye=-534+£27 (S=1.9)

r, = V(0)/A1(0) in DT — wetve =124 £0.11

r = Ay(0)/A1(0) in Dt — wetw, =1.06 + 0.16

r, = V(0)/A1(0) in DF,D% — petr, =1.64+010 (S=12)
= Ax(0)/A1(0) in DT,0% - pet e = 0.84 + 0.06

r, = V(0)/A1(0) in K*(892)° ¢ty = 1.49 + 0.05 (S = 2.1)
ry = Ay(0)/A1(0) in K*(892)0¢+ 1y = 0.802 + 0.021

ry = A3(0)/A1(0) in K*(892)%¢F 1y = 0.0 + 0.4

My /T in K*(892)%¢% vy = 1.13 + 0.08

F/T_in K*(892)°¢T 1y, = 0.22 + 0.06 (S = 1.6)

decay modes (other than the semileptonic modes) that involve a neutral

K meson are now given as K% modes, not as KO modes. Nearly always it is

a K% that is measured, and interference between Cabibbo-allowed and dou-

bly Cabibbo-suppressed modes can invalidate the assumption that 2 F(K%) =

r(K9).
Scale factor/ p
Dt DECAY MODES Fraction (T';/T) Confidence level (MeV/c)
Inclusive modes
et semileptonic (16.07 + 0.30 ) % -
T anything (176 + 32 )% -
K~ anything (257 £ 14 )% -
KOanything + KO%anything 61 +5 )% -
K™ anything (59 +08 )% -
K*(892)~ anything (6 +£5 )% -
K*(892) anything (23 +5 )% -
K*(892)% anything < 66 % CL=90% -
7 anything (63 £07 )% -
1’ anything (1.04 + 018 )% -
¢ anything (112 £+ 004 )% -
Leptonic and semileptonic modes

etve < 88 x 1076 CL=90% 935
vetvg < 3.0 x 1075 CL=90% 935
pFu, (374 + 017 )x 1074 932
. (120 + 027 )x1073 90
Koet v, (873 + 010 )% 869
Koutu, (876 + 019 )% 865
K-ntetu, (402 + 018)% S=3.2 864

K*(892)% et ve, K*(892)0 — (377 + 017 )% 722

K- nt
(K~7%) [0.8-1.01Gev €T Ve (339 + 0.09)% 864
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(K= 7)) s_wave €T Ve (228 + 011 )x103 -
K*(1410)% et v, < 6 x 1073 CL=90% -
K*(1410)° —» K~ 7t
K3(1430)% et v, <5 x10~4 CL=90% -
K5(1430)° — K7t
K~ nt et v, nonresonant <7 x 1073 CL=90% 864
K*(892)%et v (540 + 0.10 ) % S=1.1 722
K=atputu, (365 + 034)% 851
K*(892)° ut v, (352 + 010 )% 77
K*(892)° - K-t
K= 7% it v, nonresonant (19 + 05 )x1073 851
K*(892)% it v, (527 + 015 )% 717
K-ntauty, < 15 x 1073 CL=90% 825
K1(1270)% et ve, K9 — (1.06 + 0.15 ) x 1073 -
o K=t 70
K3(1430)% ut o, < 23 x10=4 CcL=90% 380
K*(1680)° T v, < 15 x 1073 CL=90% 105
et v, (372 +£ 017 )x1073  $=2.0 930
uty, (350 + 0.15 )x103 927
netve (111 + 0.07 )x 1073 855
- atet v, (245 + 0.10 ) x 1073 924
f,(500)% et ve, £5(500)° — (63 + 05 )x10~4 -
ata~
et e (218 £ 310 ) x10-3 774
PPty (24 + 04 )x1073 770
wet e (169 £ 0.11 ) x10™3 771
7'(958) et v (20 + 04 )x10~4 690
a(980)% et v, a(980)° — nx0 (17 T 98 yx104 -
petve < 13 x 1075 CL=90% 657
DOet v, < 10 x 1074 CL=90% 5
Hadronic modes with a K or KKK
KYr+ ( 1.562+ 0.031) % s=1.7 863
KOzt (146 + 0.05)% 863
K—2rt [nn] (9.38 + 0.16 ) % S=1.6 846
(K= 7 ) s_wavem (752 £ 017 )% 846
Ki(1430)0q, loo] (1.25 + 0.06 ) % 382
Kg(1430)0 —» K= 7t
K*(892)% 7+, (1.04 £ 012)% 714
K*(892)° - K—nat
K35(1430)0 7, [oo] (23 + 07 )x10=4 371
K3(1430)0 —» K—xt
K*(1680)0 7+, [oo] (22 + 11 )x1074 58
K*(1680)° — K~ nt
K= (271) 1= (145 + 026 )% -
Krtx0 [mn] (736 £ 021)% 845
K p* (614 T 080 )0 677
K%p(1450)+, pt = 7ta0 (15 + %:‘21 yx 1073 -
K*(892)0 7+, (264 + 032 )x1073 714
K*(892)° — K%r0
Kg(1430)°7F, K0 — K%n0 (27 +09 )x1073 -
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K;(1680)°7F, K0 — Km0

Eoﬂ'+, 70— KOSTrO
K% 7+ 70 nonresonant
K% n* 7%nonresonant and
"ont
(Kg 71'O)S—wave L
K% mtn/(958)
K= 2nt 70
K0527r+7r_
K;37T+7T7
K*(892)0 27t 7,
K*(892)° — K~ xt
K*(892)0 )0 7t

K*(892)° - K—nt

K*(892)0 a; (1260)+
K= p0ort
K~ 37t 7~ nonresonant
K*2k%
KTK=K%nt

7t 70
onta—
POt
7 (7T T 7) s _wave
U7T+, o— wrm

f,(980) 7+,
5(980) — 7wt~
fy(1370) 7+,
f(1370) — =tx
f(1270)7t,
£(1270) — 7t 7~
p(1450)0 7,
p(1450)° — 7t~
fy(1500) 7+,
f(1500) — 7t x~
fo(1710) 7,
f(1710) — 7t x~
fo(1790) 7,

f(1790) — 7t x~
(7T+ 7r+)5—wave ™
27t 7~ nonresonant
7wt 270
onta—
3nton—
nrt
nrt a0
wrt
7'(958) 7t
7/(958) nt 0

0

[pP]
[pp]
[nn]

[qa]

(10

(6
(3
(137

(127

( 1.90
(625
(3.10
(5.7
(12

(23

(93
(172
(40
(254
(24

Pionic modes
(1.247+

(327
(83

(183
(138
(156

(8

(5.0

< 12
< 11
(a7
(116
(166
(377
(138
(28
(497
(16

I+

I+ o+
pobbmo«l

HoH R R H L

+
+
+
+
+
+

+

+
+
+
+
+
+
+
+

) x 10~4

)yx 1073
) x 1073
21

20)%
0.27

033 )%
0.21 ) x 1073
0.18 ) %

0.09 ) %

05 )x1073
04 )x1073

04 )x1073

19 )x 1073
0.28 ) x 10~3
29 )x1074
0.13 ) x 1073
05 )x1074

0.033) x 10—3
0.18 ) x 10~3
15 )x1074
0.16 ) x 10~3
0.12 ) x 1073
0.33 ) x 1074

4 )x1075
09 )x104
x 1075
04 )x1074
x 1075
x 1075

x 104

x 1074
04 )x1073
0.08 ) %
0.16 ) x 1073
0.09 ) x 10~3
0.35 ) x 10~3
06 )x104
0.19 ) x 1073
05 )x1073

Hadronic modes with a KK pair
(13.04 + 009 )x1073
(321 + 016 )x1073

K+ K%
KoK+

S=1.1

CL=95%

CL=95%

CL=95%

CL=95%
CL=95%

845

845

481
816
814
772
645

239

524
772
545
436

925
909
767
909

669

485

338

909
909
910
883
845
848
831
764
681
654

793
793
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KK+ 70 (5.07 + 030 ) x10~3 744
K¢ K+ 0 (524 + 031 )x1073 744
KtK—zt [nn] ( 9.68 + 0.18 ) x 10~3 744
ont (570 + 0.14 ) x 1073 647
ont, ¢ — KTK™ (269 T 397 )x10-3 647
K+ K*(892)°, (249 T 098 ) 51073 613
K*(892)° —» K~ xt
K+ K35(1430)°, K3(1430)° — (182 + 035 ) x 1073 -
K—nt
KtK3(1430)%, K5 — K- =t (16 T 32 yx104 -
KtK§(700), Ky — Kot (68 T 3% )x1074 -
a0(1450)0 7+, & — Kt K~ (45 T 19 yx104 -
#(1680) 7, ¢ - KT K~ (49 T 13 yx105 -
K KQnt (270 + 0.13 ) x 1073 741
Kt KYnta~ (174 + 018 )x 103 678
KYK=2rt (238 + 017 ) x 1073 678
KT K=2rt 7= (23 +12 )x1074 601
A few poorly measured branching fractions:
pnt a0 (23 +£10 )% 619
dpT < 15 % CL=90% 260
Kt K= 7t 0non-¢ (15 £ 587 )9 682
K*(892)* K (17 +08 )% 612
Doubly Cabibbo-suppressed modes
K*z0 (208 + 021 )x10~% s=14 864
Ktn (125 + 016 )x1074%  s=1.1 776
K*1/(958) (1.85 + 0.20 ) x10~4 571
Ktata~ (491 £ 0.09 ) x10~4 846
K+ p0 (19 + 05 )x10~4 679
K*(892)%nt, K*(892)° — (23 + 04 )x1074 714
Kt~
K™ 1£,(980), f,(980) — nta~ (44 +26 )x1075 -
K3(1430)%7F, K3(1430)° — (39 +27 )x1075 -
Kta—
2Kt K~ (614 £ 0.11 ) x107° 550
#(1020)° K+ < 21 X105 CL=90% -
Kt ¢(1020), ¢ - Kt K~ (44 £ 06 )x107° -
Kt (Kt K™) s_wave (577 + 012 )x1075 550

AC = 1 weak neutral current (C1) modes, or
Lepton Family number (LF) or Lepton number (L) violating modes

ntete” c1 < 11 x107% CL=90% 930
atalete < 14 x 1075 CL=90% 925
ate, ¢ — ete r] (17 T 38 )x1076 -
atutu~ c1 < 73 x 1078 CL=90% 918
ate, ¢ — ptu~ "] (1.8 + 08 )x107® -
ptutu~ 1 < 56 x 104 CL=90% 757
Ktete~ [ss] < 1.0 x 106 CL=90% 870
Ktrlete < 15 x 1075 CL=90% 864

Kintete~ < 26 x 1075 CL=90% -
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K K*eten < 11 x 1075 CL=90%
Ktutpu~ [ss] < 4.3 x 1076 CL=90%
atetpu~ LF < 29 x 1076 CL=90%
ate put LF < 36 x 1076 CL=90%
Ktetpu™ LF < 12 x 1076 CL=90%
Kte put LF < 28 x 1076 CL=90%
n2et L < 11 x 1076 CL=90%
7 2ut L < 22 x 1078 CL=90%
" etput L < 20 x 1076 CL=90%
p2ut L < 56 x 1074 CL=90%
K~ 2et L <9 x 1077 CL=90%
K%n—2e* < 33 x 1076 CL=90%
K~ 702¢t < 85 x 1076 CL=90%
K= 2ut L < 10 x107° CL=90%
K=etput L < 1.9 x107® CL=90%
K*(892)~ 2u™ L < 85 x 1074 CL=90%

See Particle Listings for 2 decay modes that have been seen / not seen.

856
927
927
866
866
930
918
927
757
870
863
864
856
866
703

DO

1Py =307)
Mass m = 1864.83 + 0.05 MeV
Mps — mpye = 4.822 £ 0.015 MeV
Mean life 7 = (410.1 + 1.5) x 107 1% 5
cr = 122.9 pm

Mixing and related parameters

mpe = mpg| = (0. 955044y x 1010 f s~ !

(Tpg - DO)/r =2y =(1.29"31%) x 1072

Ja/e| = 052332

Ar = (—0.125 + 0.526) x 1073
0

= o

Kt 7~ relative strong phase: cos § = 0.97 + 0.11

K=+ 70 coherence factor Ry, o = 0.82 & 0.06

K~ w0 average relative strong phase 6K 7 = (199 + 14)°

K—m~2rt coherence factor R, = 0.537 018

K~=m~2r* average relative strong phase 6X37 = (125122)°

DO — K=z~ 2nt, Resyr (y cosd®3™ — x singK37m) = (—3.0 &
0.7) x 1073 Tev—!

K K+ m~ coherence factor R =0.70 + 0.08

KYKm
K% K* 7~ average relative strong phase SKSKm (0 £ 16)°
K* K coherence factor Rys = 0.94 £ 0.12

K* K average relative strong phase 6K" K = (—17 + 18)°

CP-violation decay-rate asymmetries (labeled by the D? decay)

ACP(K+ K=) = (=0.07 + 0.11)%
Acp(2K2) = (0.4 £ 1.4)%

Acp(nt77) = (0.13 £ 0.14)%
Acp(m®70) = (0.0 + 0.6)%

Acp(py) = (6 £ 15) x 1072

Acp(97) = (=9 £7) x 1072
Acp(K*(892)%7) = (—0.3 £2.0) x 1072
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Acp(rtn=n0) = (0.3 + 0.4)%

Acp(p(T70)r 7= — ata—720) = (1.2 £ 0.9)% [t
Acp(p(770)070 — 7t a—x0) = (=3.1 £ 3.0)% [t1]
Acp(p(770)~ 7t = 7ta—70) = (=1.0 + 1.7)% (1]
Acp(p(1450)F 7= = 7ta—70) = (0 £ 70)% [t]
Acp(p(1450)°70 — 7t 7~ 70) = (=20 + 40)% [t]
Acp(p(1450)~ 7t — 7ta—70) = (6 £ 9)% (1]
Acp(p(1700)t 7= — 7t 70) = (=5 + 14)% [tt]
Acp(p(1700)070 — 7t 7= 70) = (13 & 9)% [tt]
Acp(p(1700)~ 7t — xta—x0) = (8 £ 11)% (1]
Acp(f(980)70 — at 7= x0) = (0 & 35)% [t
Acp(fp(1370)0 — a7~ x0) = (25 + 18)% [t]
Acp(fy(1500)m0 — a7~ x0) = (0 + 18)% [t
Acp(f0(1710)7r0 — atrx0) = (0 + 24)% [t
Acp(f2(1270)7r — atra0) = (—4 + 6)% [t
Acp(o(400) 70 — Tr+7r 79) = (6 = 8)% 1]
Acp(nonresonant 7t 7~ 70) = (=13 + 23)% [t]
Acp(a1(1260)T 7~ — 27277 ) = (5+6)%
Acp(a1(1260)~ 7t — 27t 2r7) = (14 £+ 18)%
Acp(m(1300)T 7~ — 27t277) = (=2 4+ 15)%
Acp(m(1300)~ 7t — 277 277) = (=6 + 30)%
Acp(a1(1640)T 7~ — 271 277) = (9 + 26)%
Acp(m(1670) 7~ — 277 277) = (7 + 18)%
Acp(0f(1370) — 277 277) = (15 + 19)%
Acp(op(T70)® — 27t277) = (3 +27)%
Acp(2p(T70)° = 272717 ) = (-6 £ 6)%
Acp(26(1270) — 271 277) = (28 + 24)%
Acp(KTK=70) = (-1.0 £ 1.7)%

Acp(K*(892)t K~ — Kt K~ %) = (—0.9 + 1.3)% [tf]
Acp(K*(1410)t K= — Kt K= x0) = (=21 + 24)% [t
ACP((K+7"0)57wave K™ — K*t Kiﬂ—o) = (7 + 15)% [¢t]
Acp(4(1020)70 — K+ K~ x0) = (1.1 + 2.2)% (1]
Acp(fy(980)m0 — K+ K—WO) = (=3 + 19)% [l
Acp(ag(980)071'0 — KTK=70%) = (=5 + 16)% [!f]
Acp(fh(1525)7° — Kt K*no) (0 =+ 160)% [t]
Acp(K*(892)" Kt — KT K= x0) = (=5 + 4)% [t
Acp(K*(1810)~ K+ = K+ K—70) = (=17 & 29)% [t

Acp((K* )5 _wave KT = KT K~ 70) = (=10 + 40)% [t1]

Acp(K%70) = (—0.20 + 0.17)%

ACP(K 7]) (05 + 0.5)%

Acp(K%n') = (1.0 £ 0.7)%

Acp(K5¢) (=3+9)%

ACP(K 7T+) (02 + 0.5)%

Acp(KT77) = (=09 + 1.4)%
Acp(Dopir1y = KFrt) = (127 £ 1.5)%
Acp(K— 7t 70) = (0.1 £ 0.5)%

Acp(Ktr 7% = (0 +5)%

Acp(K¢rtr™) = (—0.1 £ 0.8)%
ACP(K*(892)*7r+ = Kinta™) = (04 £05)%
Acp(K*(892)t 7~ — KO Tr)=(1+6)%
Acp(KOp® —» Kintr )_( 0.1+ 05)%
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Acp(Kow — Kgfrﬂr*) =(-13+7)%

ACP(?O f0(980) — K

mtaT) = (—0.4 £ 2.7)%

Acp(K®£(1270) — K° + —)_( 445)%

Acp (KO£ (1370) — K

Acp(K9p0(1450) — KO + )

Acp(K%f(600) — K¢

ACP(K*(1410)—7T —> KOS Ta7) =

Acp(Kj(1430)" 7

) = (—1+ 9%
= (-4 £ 10)%
(—3+5)%
(-2 + 9%

™)

+t— K3 +7r—) =(4+48%
Acp(K§(1430)t 7~ — KO atw

) = (12 £ 15)%

ACP(K*(1430)*7r+ - KO trT)=(3+6)%

Acp(K3(1430) n= — K057r+
77) = (0.2 + 0.5)%

ACP(K77T+7T+

7) = (10 + 32)%

Acp(KTn—ata™) = (-2 + )%
Acp(KtK=rtr7) = (1.3 £ 1.7)%

Acp(K§(1270)T K~ —
Acp(K;(1270)T K~ —
ACP(K’{(]Q?O)? Kt —
Acp(K3(1270)" K+ —
Acp(Kj(1270)T K~ —
Acp(K;(1270)" KT —
ACP(K1(1400)+ K™ —
Acp(K*(1410)Y K= —
Acp(K*(1410)~ KT —
Acp(K*(1680)T K= —

ACP(K*OR*O) in DO, DOy KO0 —

KtK=atn™)=(-23+1.7%
KOzt K=) = (-1+£10)%
KOn= Kt) = (=10 + 32)%
KTK=atn7) = (1.7 £35)%
PKTKT) = (-7+ 1%
PK-KT) = (10 £13)%

KTK = ntn7) = (44 £21)%
KO0t K=) = (=20 + 17)%
KOr=Kt) = (-1414)%
KtK=atn™) = (-17 £ 29)%
(-5 + 14)%

Acp(K*OK*0 Swave) = (=3.9 + 2.2)%

Acp(¢p®) in D°, D — ¢p® = (1 +9)%

Acp(pp® Swave) = (-3 +5)%

Acp(pp® D-wave) = (—37 + 19)%

AC’P((Zb(T‘ﬂL T )5—wave) = (6 =6)%

Acp(K*(892)° (K™ 1) s _wave) = (—10 £ 40)%

Acp(Kt K~ 7 7~ non-resonant) = (8 + 20)%
ACP((K_7T+)P7117(1116 (K+7T_)57'wm)e) = (3 + 11)%
Acp(KTK=ptp~)in D, D% — KYK=ptpu™ = (0£11)%
Acp(rtr=ptp=)in DY, DO —» #ta—putpu= =(5+4)%

CP-even fractions (labeled by the D® decay)

D% —
D% —
D% —
DY —
DO —

ata~ 70 decays = (97.3 + 1.7)%
K+ K~ 70 decays = (73 = 6)%

at o=t~ decays = (76.9 + 2.3)%
K%nt 7~ 70 decays = (23.8 + 1.7)%
KT K=7t 7~ decays = (75 + 4)%

CP-even fraction in
CP-even fraction in
CP-even fraction in
CP-even fraction in
CP-even fraction in

CP-violation asymmetry difference

AAcp = Acp(KT K™) — Acp(ntn™) = (—0.154 £ 0.029)%

X2 tests of CP-violation (CPV) p-values

atr 70 = 4.9%
atrmatrT = (0.6 £ 0.2)%
Kenta™ =96%

K+ K*WO =16.6%
KtK—ntn™ =9.1%

D —
O s

Local CPV in DY,
Local CPV in DY,
Local CPV in D9, DY —
Local CPV in D9, DY —

Local CPV in D9, DY —
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T-violation decay-rate asymmetry
Ar(KTK=7ta™) = (29 £ 2.2) x 1073 (/]

Arviol(Ksmta~=7%) in D%, D® — Ksnta— 70 = (—0.3114) x

103

CPT-violation decay-rate asymmetry
Acpr (KT o) = 0.008 + 0.008

Form factors

ry = V(0)/A1(0) in D® — K*(892)~ ¢t v, = 1.46 + 0.07
rp = Ay(0)/A1(0) in D — K*(892)~ ¢T vy = 0.68 + 0.06

—

f+

f1
n

Il H\

o) in DO — K~ ¢+, = 0.736 + 0.004

1 (0)] Ves| in DO — K=&+ 1y = 0.7166 + 0.0030
a1/agin D® — K~ ¢ty =
=ay/apin D% - K-ty =5+4

—2.40 £ 0.16

£.(0) in D® — 7 ¢tu, = 0.637 + 0.009
£1(0)| Veg| in DO — 7= ¢F 1, = 0.1436 £ 0.0026 (S = 1.5)
n=a/ain D% —» 77ty =-197+028 (S=14)

rn=ap/agin DO - 7ty

—02+£22 (S=17)

Most decay modes (other than the semileptonic modes) that involve a neutral
K meson are now given as KOS modes, not as KO modes. Nearly always it is

a K% that is measured, and interference between Cabibbo-allowed and dou-

bly Cabibbo-suppressed modes can invalidate the assumption that 2 F(K%) =

r(K9).

DO DECAY MODES

Fraction (I';/T)

Scale factor/
Confidence level(MeV/c)

p

0-prongs
2-prongs
4-prongs
6-prongs

et anything

uT anything

K~ anything
KOanything + K%anything
KT anything
K*(892)~ anything
K*(892)0 anything
K*(892)7 anything
K*(892)% anything
n anything

n’ anything

¢ anything
invisibles

K= etw,

K= pt vy
K*(892)~ eT v
K*(892) ut v,
K%t v,

Topological modes
[uu] (15 +

(11 o+

[w] (146 =+

[xx] (65 =+

Inclusive modes
vl (649 +
(68 +

(547 =+

47 =+

(34 +

(15 +

(9 =+

< 3.6
(28 =+
(95 =+
(248 +
(1.08 +
< 94

Semileptonic modes
( 3542+
(341 +
(215 +
(189 +
(16 T

6 )%
6 )%
05 )%
13 )x107%

011 )%
06 )%
28 )%
4 )%
04 )%
9 )%
4 )%
%
13 )%
09 )%
0.27 )%
0.04 )%
x 1073

0.035) %
0.04 )%
0.16 ) %
024 )%

65 )%

S=1.3

CL=90%

CL=90%

S=1.3

867
864
719
714
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V_OW’ et Ve

(KO 7"7) S—wave et Ve

K ntn et v,
K1(1270)~ et v,

K’z* aut vy
(K*(892)m) " putw,

et Ve

T ,u+ vy,

r et Ve

petve

a(980)" et ve, a= — nm~

I+ W

|+

+
+
+
+
+

0.04 )%
1.7 )x1074

11 )x0t
51 )x10t

x 1073

x 1073
0.04 )x 1073
0.12 ) x 1073
0.07 ) x 1073
012 )x 1073

630 ) x 107

CL=90%
CL=90%

S=1.3

Hadronic modes with one K

K-zt

K°57r0

K%ﬂ'o

K057r+7r’
Kospo
Kosw, w— 7t~

0 —

K5(7T+7T )S—wavc

K2£(980), fo — 7tm~
K% £(1370), fo —» atw
K £(1270), £, — at 7~

K*(892)~ nt, K*~ —
Kgﬂ_

K§(1430)"nF, K5~ —
K%ﬂ’

K§(1430)*7r+, Ky~ —
K%W_

K*(1680)~7F, K*~ —
K%ﬂ’

K*(892)T
K%W+

K§(1430)F 7, Kgt —
K%ﬂ+

K3(1430)* 7, K3t —
K%Tr+

K057r+7r* nonresonant

K= 7t a0
Kfp+

K*t —

K= p(1700)F, pt — =t 70
K*(892) mF, K*(892)~ —
-0

_ kK _
K*(892)%70, K*(892)° —
-t

™
K3(1430)’7r+, Kg_ —
K~ =0

[nn]

[zz] (1.13

[zz] < 1.4

[zz] < 3.4

[nn]

3.950+

+

0.031) %
0.022) %
07 )x1073
0.18 )%

S=1.2

38 )x10-3

06 )x1074
08 )x1073

023 )x1073

92 )x10-3

=
oo

) x 1075
617 )%

635 ) %1073
15 )x0t
35 )x1074

0.60 ) x 10—4

— 0.34

I+ W H I+

x 1072 CL=95%

x 1075 CL=95%

6.0 _
7o )x104
05 )%

0.7 )%

1.8 )x1073
0.40

0.20 ) %

0.24 )%

22 )x1073

860
860

843

511

821
692
927
924

922
771

861
860
860
842

674

670
842

549

262

711

378

367

46

711

842

844
675

711

711

378
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K5(1430)07%, K30 — K=zt (59 T30 )x1073 379
K*(1680)~ 7T, K*~ — (19 + 07 )x1073 46
K~ a0
K~ =t 2% nonresonant (115 + 080 )9 844
K%2r0 (91 + 11 )x1073 S=22 843
K%(27°) 5 _wave (26 + 07 )x1073 -
K*(892)%70, K*0 - K%70 (81 %07 )x103 71
K*(1430)°70, K* — K%70 (4 423 )x1075 -
K*(1680)°79, K*0 — Kr0 (10 + 04 )x1073 -
K 5(1270), £ — 270 (23 + 11 )x1074 -
2KY, onek% — 270 (32 + 11 )x10~4 -
K= 2ntn™ [on] (823 + 014 )% S=1.1 813
K~ =t pOtotal (687 + 031)% 609
K= p°3-body (61 + 16 )x1073 609
K*(892)0 00, K*0 (1.01 + 0.05)% 416
K nt
K*(892)0 o0 transverse, (12 +04 )% 417
KO & K—gt
K~ a1(1260)*, af — (433 + 032)% 327
Nt
Ki(1270)~ 7%, K| — (39 + 04 )x1073 -
K~ 7t 7~ total
Ki(1270)~ 7+, K| — (66 + 23 )x1074 484
K*(892)°7~, K* —
K= nt
K~ 27+ 7~ nonresonant (181 + 007 )% 813
Kirtn=n0 [aaa) (52 + 06 )% 813
Kin n— ata=x0 (117 + 0.03 ) x 1073 72
Kiw, w— ata=ad (99 + 06 )x1073 670
K~ rnt2x0 (886 + 023)% 815
K~ 2rt 7= 70 B (43 +04 )% m
K*(892)%nt 7= x0, K*0 — (13 +06 )% 643
K- rt
Kortw, w— ataal (28 +05 )% 605
K*(892)0w, K*0 — (65 + 30 )x1073 410
K at, w— atax0
K%nr0 (57 + 11 )x1073 721
K% a9(980), ag — nn° (68 + 21 )x1073 -
K*(892)°n, K0 — K%n0 (17 + 05 )x103 -
K%2rtor— (266 + 030 )x10-3 768
K%pO7t o=, noK*(892)~ (11 +07 )x1073 -
K*(892)~ 2zt 7, (5 +7 )x1074 642
K*(892)~ — K%m~, no
p
K*(892)~ )07 t, K*(892)~ — (16 + 06 )x103 230
Kgﬂ’
K% 27F 27~ nonresonant < 12 x 1073 CL=90% 768
K= 3nt2n— (22 £ 06 )x10~4 713
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Fractions of some of the following modes with resonances have already
appeared above as submodes of particular charged-particle modes. These
nine modes below are all corrected for unseen decays of the resonances.

K%n

Kosw

K§1/(958)

K*(892)0 7t 7~ 70

Klﬂ'"’m
K*(892)%w

K~ mt 1/(958)

K%1'(958) 70
K*(892)%1/(958)

( 5.09

+

+
+
+
+
+
+
+

0.13 ) x 1073 772
0.06 ) % 670
0.32 ) x 1073 565
09 )% 643
06 )% 605
05 )% 410
0.34 ) x10~3 479
027 )x 1073 479

x 1073 CL=90% 119

Hadronic modes with three K's
(442 + 032 )x103 544

(29 + 04 )x1073 -
(59 + 18 )x1074 -

KYK* K-
K% a9(980)%, aJ - KTK~
K= ap(980)*, af — K+KY

K+t ap(980)~, a; - K~ K% < 11
K% £(980), fo - KTK~ <9
K¢, ¢ — KTK- (2.03 +
K% £(1370), fy - KT K~ (17 +
3KY (75 +
Kt2K—rt (225 +
K+t K~ K*(892)°, K0 — (45 +
K- nt
K nte¢, ¢ = KTK™ (41 +
PK*(892)°, ¢ - KTK—, (1.08 +
KO K—rt
Kt 2K~ 71 nonresonant (34 +
2K KE 7T (59 =+
Pionic modes
atrw (1.455+
270 (826 +
at a0 (149 +
pta~ (1.01 £
POr0 (3.86 +
p~ Tt (515 £
p(1450)t 7=, pt = ata0 (16 =+
p(1450)0770, poﬁ rtr™ (45 =+
p(1450)~7F, p~ = a0 (27 +
p(1700)t 7=, pt = ata0 (61 =+
p(1700)07r0, PO — 7ta— (74 =+
p(1700)"7F, p~ = a0 (48 +
£(980)70, fy — ntz~ (37 +
f(500)79, fy — atx- (122 +
f(1370)7°, fy » ata— (55 =+
,(1500)7°, fy — ata— (58 =+
fH(1710)7°, fy = 7t a— (46 +
£(1270)7°, f —» ata— (197 &
a7~ 7% nonresonant (13 +
370 (20 +
onton— (756 +
a(1260)F 7, af — (454 +

2t total

x 1074 CL=95% -

x 1075 CL=95% -
0.15 ) x 1073 520
1.1 )x1074 -
0.7 )x1074 S=1.4 539
0.32 ) x 1074 434
18 )x107° 1
1.7 )x 1075 422
021 )x 1074 T
15 )x 1073 434
13 )x1074 427
0.024) x 10~3 S=1.3 922
0.25 ) x 1074 923
0.06 ) % s=21 907
0.04 )% 764
0.23 ) x 1073 764
0.25 ) x 10~3 764
21 )x1075 -
20 )x107° -
04 )x1074 -
15 )x 1074 -
1.8 )x1074 -
1.1 )x1074 -
09 )x1073 -
0.22 ) x 1074 -
21 )x 1073 -
1.6 )x 107> -
1.6 )x107° -
0.21 ) x 1074 -
0.4 )x104 907
05 )x1074 908
0.20 ) x 1073 880
031 ) x 1073 -
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ap(1260)t 7, af — (314 + 021 )x 1073 -
PO nt S-wave
ap(1260)* 7, af — (19 + 05 )x1074 -
7t D-wave
a(1260)* 7, a} — ont (64 + 07 )x10~4 -
a1(1260)~ 7t ay — (23 +09 )x1074 -
P07~ S-wave
a(1260)~ 7", ay — om™ (61 =+ 34 )x1075 -
7(1300)T 7=, w(1300)T — (51 + 27 )x1074 -
0'7T+
7(1300)~ 7+, 7(1300)~ — (23 + 22 )x1074 -
g
ar(1640) 7, af — (32 + 16 )x10~% -
P07t D-wave
a(1640)* 7=, af — ort (18 + 14 )x10~4 -
m(1670) T 77, W;r — (20 +09 )x104 -
£(1270)% 7+, 9 —
ata™
m(1670)* 77, 75 — ont (26 + 10 )x10~4 -
2p%total (185 + 013 ) x 103 518
200, parallel helicities (83 + 32 )x1075 -
209, perpendicular helicities (48 + 06 )x1074 -
200, longitudinal helicities (127 + 010 ) x 10-3 -
2p(770)%, S-wave (18 + 13 )x1074 -
2p(770)°, P-wave (53 + 13 )x10~4 -
2p(770)°, D-wave (62 + 30 )x10~4 -
Resonant (7t 77 )at 7~ (151 + 012 )x 1073 -
3-body total
onta~ (62 + 09 )x10~4 -
o p(770)0 (50 + 25 )x1074 -
f(980)ntn~, fo — wta~ (1.8 + 05 )x1074 -
H(1270) 7T 7=, K — (37 + 06 )x1074 -
T
26, (1270), f, — 7t 7~ (16 + 18 )x1074 -
f(1370)0, fy — 7F7~ (16 + 05 )x1073 -
ata2x0 (1.02 + 0.09 )% 882
nm0 [bbb] (63 + 0.6 )x10~4 s=1.1 846
wm? [bbb] (117 + 0.35 ) x 10—4 761
wn (198 + 0.18 ) x 103 S=1.1 648
2rt 2n— 70 (42 + 05 )x1073 844
nrtr~ [bbb] ( 1.09 + 0.16 ) x 10—3 827
wrta~ [bbb] (16 + 05 )x10-3 738
n270 (38 + 13 )x10~4 829
3nt3r~ (43 +£12 )x10~4 795
7' (958) 70 (92 + 10 )x10~4 678
7' (958) 7t 7~ (45 + 1.7 )x1074 650
2n (211 + 019 )x 1073 S=22 754
20 (73 +22 )x1074 699
3n < 13 x 1074 CL=90% 421
n1’(958) (101 + 019 )x 103 537
Hadronic modes with a KK pair
KT K~ (408 £ 0.06 )x 103 s=16 791
2KY (1.41 + 0.05 ) x 10~4 S=1.1 789
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KK= 7t
K*(892)°KY, KO — K—nt
K*(892)t K=, K*t —

KOSTr+
K*(141000K%, K*0 —
K- nt
K*(1410)t K—, K*t —
K057r+

(K7W+)waaueK05
(Kgﬂ—_'—)sfwaveK_
a(980) "7 t, ay = KK~
a0(1450)~xt, ag - KK~
a(1320)~ 7+, a, —» KIK~
p(1450)~ 7+, p~ — KIK™
KK+ 7~

K*(892)° K%, K* — Ktna~
K*(892)" K+, K*~ —

K%ﬂ’

K*(1410)° K%, K*0 —
Ktat

K*(1410)~ K+, K*~ —
Kgﬂ7

(K+7T_)57wtwe KOS

(Kg Wﬁ)S—wave K+

a(980)F7~, af - KIK*

ao(1450)t 7=, aj - KIKT

p(1700)t 7, pt — KIK*

Kt K= 70

K*(892)t K=, K*(892)* —
+ .0

T

K*(892)~ KT, K*(892)~ —
K~ 0

0 —
(K+7T )wa(weK
(Kiﬂ'o)sfu)aveK-‘_
£(980)70, fy - KT K~
on®, ¢ —» KTK—
QKgﬂo

KtK—ntn—

¢(7r+777)57waver ¢ —
Kt K~
(pro)wa(wer ¢— KTK™
(¢P0)P—wavev ¢ = KtK~
(¢pO)D7w<ﬂcv ¢ — KtK~
(K*(892)O K*(892)0)S—wavev
KO — Kt
(K*(892)07*(892)0)P7waver
K* - KEaT
(K*(892)0 K*(892)0)D7waver
K* — K*oF
K*(892)0(K7 7r+)5—waue 3-
body, K*0 —» Ktz—
Ki(1270)* K=, K{ —
K*O at

HoH B H B K H R R

H

HoH H H K K H W

H

HOH W W

H

05 )x1073 S=1.1
1.6 ) x107°
0.30 ) x 1073

1.9 )x1074
1.9 )x1074

29 )x1074
1.0 )x1074
1.4 )x1074
20 )x 1073
5 )x107°
25 )x107°
0.34 ) x 1073 S=1.1
0.21 ) x 104
1.0 )x1074

8 )x1073
20 )x1074

1.9 )x1074
06 )x1074
4 )x104
25 )x 1073
0.6 )x107°
0.14 ) x 1073
0.07 ) x 1073

04 )x1074

0.18 ) x 1073
05 )x1074
0.6 )x104
04 )x1074

x10~4
0.11 ) x 1073
5 )x107°

06 )x1074
1.9 )x 1073

14 )x1075
013 )x 1074

0.08 ) x 1074
0.4 )x107°
0.6 )x1074

09 )x104

739
608

743
743

740
677
614

250
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Ki1(1270)T K=, K{ — (15 + 05 )x10~4 -
K*(1430)0 7%, K*0 —
Kt~
Ki(1270)* K=, K{ — pOK* (22 +06 )x10~4 -
Ki(1270)T K=, K — (15 + 12 )x1075 -
w(782) K+, w— 7ta~
K1(1270)~ K+, Ky — p°K~ (13 + 04 )x10~4 -
K1(1400)T K=, K — (46 + 04 )x10~4 -
K*(892)°xt, K*0 —
Ktr—
K*(1410)~ K+, K*~ — (70 + 11 )x1075 -
KOn—
K1(1680)T K=, K — (89 + 32 )x1075 -
KOzt KO 5 Kta—
K+ K~ xt 7~ non-resonant (27 +£06 )x10~4 -
2Ky ntm (122 + 023 )x 1073 673
KYK=2rt o < 14 x 10=4 CL=90% 595
KtK=atz= a0 (31 + 20 )x1073 600
Other K K X modes. They include all decay modes of the ¢, n, and w.
0 (117 + 0.04 ) x 1073 645
on (1.8 + 05 )x1074 489
ow < 21 x 1073 CL=90% 238
Radiative modes
O (182 + 032 )x 1075 771
wy < 24 x 10~4 CL=90% 768
&y (281 £ 019 )x107° 654
K*(892)0~ (42 + 07 )x10—% 719
Doubly Cabibbo suppressed (DC) modes or
AC = 2 forbidden via mixing (C2M) modes
K+ ¢~ yvia DO < 22 x 1075 CL=90% -
K+or K*(892)" e~ 7, via < 6 x 1075 CL=90% -
o
Ktr— DC (150 + 0.07 ) x 10~4 S=3.0 861
K*x~via DCS ( 1.364+ 0.026) x 10~4 -
K+~ via DO - < 16 x 1075 CL=95% 861
K¢nta=in DO — DO < 18 x10~4 CL=95% -
K*(892)tn~, K** —  bDC (113 F 080 ) 5104 711
Kg T ’
K§(1430)Tn~, Kit =  Dc < 14 x 1075 -
Kgﬂ+
K3(1430)T 7=, K3t —  DC < 34 x 1075 -
K%7T+
Kta— 70 DC (3.06 + 015 ) x 10~4 844
K+~ x%via DO (76 T 82 )yx 1074 -
K+t 27~ via DCS (249 + 0.07 )x 1074 -
Ktatom= DC (265 £ 0.06 ) x 10~4 813
K+t 2r=via D° (79 + 30 )x1076 812
u~ anything via D° < 4 x 1074 CL=90% -
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AC = 1 weak neutral current (C1) modes,
Lepton Family number (LF) violating modes,

Lepton (L) or Baryon (B) number violating modes

ot
7t~ ut = (non-res)
Pt

K=K+t~

Mee < 875 MeV
K- ntete™, 1.005 <

Mee < 1.035 GeV
K*(892)%¢t e~
K-atputpu~
K-atputu=, 675 <
My, < 875 MeV
K*(892)° pt ™
atr 70 /[" no
pteF
Ot T
netu®
atr—ef ¥
pO ei/ﬁ:
wetpyF
K- Ktet ut
pet ¥
KOe® ¥
K~ rt et T
K*(892)0 e* 1
277 2et + c.c
27 2ut + cc.
K7~ 2et
K= m 2ut+ cc.
2K~ 2eT + c.c.
2K=2ut+ c.c.
r r etut+ ce.
K- m~etut+ cc.
2K~ etput+ cc.

C1
C1
C1
C1
C1
C1
C1
C1
C1
C1

C1
C1
C1
C1
C1
C1

C1

C1

C1
LF
LF
LF
LF
LF
LF
LF
LF
LF
LF
LF

~

~ e~~~

ANNANNNNNANNANNA

NN ANNANANA

[ss] <
[ss] <

[ss] <

[ss] <

[bb] <
[bb] <
[bb] <
[bb] <
[bb] <
[bb] <
[bb] <
[bb] <
[bb] <
[bb] <
[bb] <

A

ANNANANNNNANA

8.5
79
6.2
4
1.8
3
5.3
7
1.0
9.6
55
2.2
6
8.3
1.1
5.2
1.54
33
31
2.4
2.6
4.0

4.7
3.59
4.2

2.4
8.1
1.3
8.6
1.0
1.5
4.9
1.2
1.8
3.4
1.0
5.53
8.3
1.12
2.9
2.8
3.9
1.52
9.4
7.9
2.18
5.7

X

X
X
X
X
X
X
X
X
+ 12 )x
X
X
X
X
X
X
X

+ 0.32)

X
+ 04 )x

X X X X X X X X X X X X X X X X X

107
10-8
1079
10~
104
10—6
104
10—6
104
107
10~7
1075
10—6
104
105
107°
107
105
105
1075
104
106

CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%

CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%

CL=90%
CL=90%
CL=90%
CL=90%

CL=90%

CL=90%
CL=90%

CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%

932
932
926
928
915
852
838
922
771
894

754
768
751
791
654
710

631
866
852

719
829

700
863
929
924
848
911
767
764
754
648
863
848
714
922
894
861
829
791
710
911
848
754
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e~ LB [ccc] < 1.0 x 1073 CL=90% 696
pet LB [ddd] < 1.1 X107 CL=90% 696
D*(2007)° 10P) = $a7)
I, J, P need confirmation.
Mass m = 2006.85 £+ 0.05 MeV (S =1.1)
Mpswo — Mpo = 142.014 £ 0.030 MeV (S=1.5)
Full width ' < 2.1 MeV, CL = 90%
5*(2007)0 modes are charge conjugates of modes below.
D*(2007)° DECAY MODES Fraction (I'j/T) p (MeVjc)
DO 70 (64.7£0.9) % 43
DO~ (35.34£0.9) % 137
D*(2010)* 1UP) = 307)
I, J, P need confirmation.
Mass m = 2010.26 + 0.05 MeV
Mpy-(010)+ — Mp+ = 140.603 £ 0.015 MeV
Mpy-(010)+ — Mpo = 145.4257 & 0.0017 MeV
Full width I = 83.4 + 1.8 keV
D*(2010) ~ modes are charge conjugates of the modes below.
D*(2010) DECAY MODES Fraction (I';/T) p (MeV/c)
DOnt (67.740.5) % 39
D+ 0 (30.7+£0.5) % 38
Dty ( 1.6+0.4) % 136
*(2300)° 1Py = 30h)

was Dj(2400)°

Mass m = 2300 + 19 MeV
Full width ' = 274 + 40 MeV

Dy (2420)° 1Py = 1a%)
Mass m = 2420.8 + 0.5 MeV (S = 1.3)
Mpo — Mp. = 4106 = 0.5 MeV (S = 1.3)
1
Full width T = 31.7 + 2.5 MeV (S = 3.5)

D3(2460)° 14P) = 32%)

JP = ot assignment strongly favored.
Mass m = 2460.7 + 0.4 MeV (S = 3.1)
mDEO — mpy =591.0 £ 0.4 MeV (S =2.9)
mDEO — Mp.y = 4504 £0.4 MeV  (S=209)
Full width ' = 47.5 + 1.1 MeV (S = 1.8)
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D3(2460)* 1UP) = 32h)
JP

=2t assignment strongly favored.

Mass m = 2465.4 + 1.3 MeV (S = 3.1)
mD;(2460)i - mD;(2460)0 =24 £ 1.7 MeV
Full width ' = 46.7 &+ 1.2 MeV

CHARMED, STRANGE MESONS
(C=S=+1)

+ _ ¢ - _ = ] %7
Dy = ¢35, Dy =Ts, similarly for DY’s

D* 1(JPy = 0(07)

Mass m = 1968.34 + 0.07 MeV
me — mpx = 98.69 & 0.05 MeV

Mean life 7 = (504 + 4) x 107155 (S =1.2)
cr = 151.2 ym

CP-violating decay-rate asymmetries
Acp(pEv) = (5 + 6)%
Acp(KEK2) = (0.09 + 0.26)%
Acp(K*KY)in DF — KK} = (-1.1+2.7) x 1072
Acp(KT K= nt) = (=05 £ 0.9)%
Acp(émE) = (—0.38 + 0.27)%
Acp(KEKLT0) = (-2 £ 6)%
Acp(2Kin%) = (3 £5)%
Acp(Kt K= 7t 70) = (0.0 £ 3.0)%
Acp(KEKLrtn™) = (-6 £5)%
Acp(KEKF2ort) = (41 £ 2.8)%
Acp(rtn=at) = (=07 £3.1)%
Acp(rtn) = (1.1 £3.1)%
Acp(rtn’) = (-0.9 + 0.5)%
Acp(nm®7%) = (-1 + 4)%
Acp( 770 = (0 + 8)%
Acp(KEr0) = (=27 + 24)%
Acp(KO/KO7%) = (0.4 £ 0.5)%
Acp(KY7%) = (0.20 + 0.18)%
Acp(KEata™) = (4 £ 5)%
Acp(KEn) = (9 + 15)%
Acp(KE1/(958)) = (6 + 19)%

CP violating asymmetries of P-odd (T-odd) moments
AT(KAKEatn™) = (—14 £ 8) x 1073 ]

D} — ¢£*y, form factors
rp=084+0.11 (S=24)
r, = 1.80 + 0.08
M/Tr=072+018
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£1(0) |Ves| in DY — net v, = 0.446 & 0.007
£1(0) |Ves| in D — 0/ eTve = 0.48 £ 0.05
CP violating asymmetries of P-odd (7-odd) moments
£1(0)|Veq| in DY — KOety = 0.162 + 0.019
r, = V(0)/A1(0) in DI — K*(892)%€t v, = 1.7 £ 0.4
r = Ay(0)/A1(0)in DY — K*(892)°et v, = 0.77 £ 0.29
o [Ves|in Df — ptv, =246 £ 5 Mev

Unless otherwise noted, the branching fractions for modes with a resonance in
the final state include all the decay modes of the resonance. D; modes are
charge conjugates of the modes below.

Scale factor/ p
D's" DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
Inclusive modes
et semileptonic leee] ( 65 +0.4 )% -
7T anything (1193 +1.4 )% -
7~ anything (432 £09)% -
70 anything (123 +7 )% -
K™ anything (187 £05)% -
K™ anything (289 £0.7 )% -
K% anything (190 £1.1 )% -
7 anything [fiF] (299 £2.8 )% -
w anything (61 £14)% -
n’ anything lggg] (103 +£1.4 )% s=1.1 -
(980) anything, fy — 77~ < 13 % CL=90% -
¢ anything (157 £1.0 )% -
K+ K~ anything (158 £0.7 ) % -
K% K+ anything ( 58 £05)% -
K% K~ anything (1.9 £04)% -
2KY anything ( 1.70£0.32) % -
2K T anything < 26 x1073  CL=90% -
2K~ anything < 6 x10™4  CL=90% -
Leptonic and semileptonic modes

et e < 83 x1075  CL=90% 984
utu, ( 5.49+0.16) x 1073 981
ttu, ( 5.48+0.23) % 182
vet g < 13 x1074  CL=90% 984
KT K= etu,e — 851

vet g [hhh]  ( 2.39+0.16) % s=1.3 720
outy, ( 19 £05)% 715
netve + 1/(958)et ve [hhh]  ( 3.03£0.24) % -

netve [hhh] ( 2.32:£0.08) % 908

7'(958) et ve [hhh] ( 8.0 +£0.7 )x 10~3 751
nutu, (24 +£05)% 905
7' (958) it v, ( 11 405)% 747
wet v, li] < 2.0 x1073  CL=90% 829
KOet v, ( 3.4 +£04 )x1073 921
K*(892)0 e 1 [hhh] ( 2.1540.28) x 1073 S=1.1 782

Hadronic modes with a KK pair
K+ K ( 1.460.04) % S=1.1 850
K+ K} ( 1.4940.06) % 850



68 Meson Summary Table

KTKO

KtK—nt [nn]
pmt [hhh,jij]
ort, ¢ —» KTK™ Lii]
KtK*(892)°, K0 — Kzt
f(980)nt, fy - KTK—
fH(1370)7t, fy = KT K™
fo(1710)71'+, fo — K+ K~
K+ K5(1430)°, Ky = K=ot

Kt K%n0

2K% 7t

KOKO 7t
K*(892)T K°

KtK=atx0
opt

K¢ K=2rt
K*(892)1 K*(892)°

K+ KOS nta~

KtK—2rtn—
¢p2rt

op07T, ¢ - KTK~
¢ay(1260)t, ¢ —
Kt K-, al+ — p07r+
¢2rt m~non-p, ¢ —
KTK-

KT K= pPntnon-¢ <
KT K~ 2zt 7~ nonresonant

QKg ot~

[hhh]

[hhh]

[hhh]

[hhh]

N~ N~~~ o~ o~~~ o~

N~~~ o~~~ o~~~

(
(

2.9540.14) %
5.39+0.15)
45 +£04)
2.24:40.08) %
2.5840.08) %
1.14£0.31) %
7 45 )x1074
6.6 £2.8 ) x 1074
1.8 +0.4 ) x 1073
1.5240.22) %

7.7 £06 ) x 1073

54 +1.2)%
6.2 £0.6 )%
8.4 139)%
1.6540.10) %
72 £26 )%
9.9 +0.8 ) x 1073
86 +15 ) x 1073
1.2140.16) %
65 +1.3 )x 1073
7.4 £12 )x 1073

1.8 £0.7 ) x 1073

26 x 1074
9 47 )x107%
8.4 +35 )x 1074

Hadronic modes without K's

at a0 <
onta—
Ot
xt (7r+ ) S—wave
fL(1270)nt, b — 7t o~
p(1450)0 7%, p0 —» ata—
at2n0
o2nt =

[kkk]

0
nrt
wrt
3ntor—
27t = 270
npt
nrt a0
7](7r+ 770) P—wave
a(980) 070+, 2y(980)10 —
nmw
wrt 0
3rt 270
wonta~
7'(958) 7t
3nt 27270
wnmt

[hhh]
[hhh]

[hhh]

[hhh]

[hhh]
[ggg.hhh]

[hhh] <

(
(
(
(
(
(

—~ o~~~

—~ e~~~

3.4 x 1074

1.08+0.04) %

1.9 £1.2 ) x 1074

9.0 +0.4 ) x 1073

1.0940.20) x 10~3
) x 10~4
) % 10—3

3.0 +1.9

6.5 +1.3

1.68+0.10) %

1.9240.30) x 10~3

7.9 £0.8 ) x 1073

8.9 +0.8 )

95 +05 )

51 +3.1 )x1073
)

X R

22 +0.4

=X

28 +0.7 )%
4.9 +32)%
1.6 £05 )%
3.9440.25)

CL=90%

CL=90%
S=1.1

S=1.2

CL=90%

850
805
712
712
416
732

198
218
805
802
802
683
748

401

744
417
744
673
640
181

249
673
669

975
959
825
959
559
421
961
935
902
822
899
902
724
885
885

802
856
766
743
803
654
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7' (958) p* lggg,hhh] ( 5.8 +15 )% 465
7' (958) wt 70 ( 56 +08)% 720
7/ (958) 7+ 70 nonresonant < 51 % CL=90% 720
Modes with one or three K's
K+ z0 (61 +21)x1074 917
Krt ( 1.19+0.05) x 10-3 916
K*tn [hhh] ( 1.7240.34) x 1073 835
Ktw [hhh] ( 8.7 +25 )x 1074 741
K+ n/(958) [hhh) (1.7 £05 ) x 1073 646
Ktnta~ ( 65 +£0.4 )x1073 900
K+ p0 ( 25 +0.4 )x 1073 745
K+ p(1450)0, p° — 7tz— ( 69 £2.4)x1074 -
K*(892)° 7+, K — K*r~ ( 1.4140.24) x 1073 775
K*(1410)%7F, K*0 — K+~ ( 1.23£0.28) x 1073 -
K*(1430)07F, K*0 — Ktn— ( 50 £35)x10~4 -
K+t 7~ nonresonant ( 1.03£0.34) x 1073 900
KOzt 70 ( 1.00£0.18) % 899
K%ortm— ( 3.0 £1.1 )x103 870
K+ wn® [hhh] < 8.2 %1073 CL=90% 684
Ktwrtza~ [hhh] < 5.4 x1073  CL=90% 603
Ktwn [hhh] < 7.9 x1073  CL=90% 366
2Kt K= ( 2.16+0.20) x 10—4 628
OKT, ¢ = KTK™ ( 88 £20)x107° -
Doubly Cabibbo-suppressed modes
2Kt~ ( 1.2840.04) x 10~4 805
K+ K*(892)0, K*0 — K+71— ( 60 +£3.4)x105 -
Baryon-antibaryon mode
p ( 1.2240.11) x 103 295
ppet e < 20 x1074  CL=90% 296
AC = 1 weak neutral current (C1) modes,
Lepton family number (LF), or
Lepton number (L) violating modes

atete™ [ss] < 13 x1075  CL=90% 979
mte, ¢ — ete Ml (6 8 )x10-6 -
atptu~ [ss] < 4.1 x1077  CL=90% 968
Ktete~ c1 < 37 x1076  CL=90% 922
Ktputu~ c1 < 21 x107%  CL=90% 909
K*(892)* ut = c1 < 14 x1073  CL=90% 765
atetu~ LF < 12 x107%  CL=90% 976
nte pt LF < 20 x1075  CL=90% 976
Ktetu LF < 14 x1075  CL=90% 919
Kte ut LF < 97 x1076  CL=90% 919
7~ 2et L < 41 x1076  CL=90% 979
n2ut L < 12 x1077  CL=90% 968
- etput L < 84 x1076  CL=90% 976
K~ 2et L < 52 x1076  CL=90% 922
K—2ut L < 13 x107%  CL=90% 909
K=etut L < 6l x1076  CL=90% 919
K*(892)~ 2u* L < 14 x1073  CL=90% 765
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D:* 1Py = 0(2%)

J'D is natural, width and decay modes consistent with 1~

Mass m = 2112.2 4+ 0.4 MeV
Myt — Mpt = 143.8 £+ 0.4 MeV

Fullwidth T "< 1.9 MeV, CL = 90%

sz modes are charge conjugates of the modes below.

D;+ DECAY MODES Fraction (I';/T) p (MeV/c)
D}~ (93.5+0.7) % 139
Df a0 (58+0.7) % 48
Diete” ( 6.7+1.6) x 1073 139
20(2317)% 1(4P) = 00)
J, P need confirmation.
J'D is natural, low mass consistent with ot,
Mass m = 2317.8 + 0.5 MeV
mD;o(2317)i — mDsi = 349.4 + 0.5 MeV
Full width ' < 3.8 MeV, CL = 95%
D;0(2317)* modes are charge conjugates of modes below.
P
D;0(2311)i DECAY MODES Fraction (I'; /T) Confidence level  (MeV/c)
D x0 @00+ ,9) % 298
Di~y < 5 % 90% 323
D%(2112)*~ < 6 % 90% -
D~y < 18 % 95% 323
Di(2112)* 70 <1 % 90% -
Dfrtn— < 4 x 1073 90% 194

See Particle Listings for 1 decay modes that have been seen / not seen.

Ds1(2460)% 1UP) = 0a17)
Mass m = 2459.5 + 0.6 MeV (S = 1.1)
— mp.s = 3473+ 07 MeV (S=12)
s
Mg (aas0)t ~ Mp= = 49124 0.6 MeV (S = 1.1)
Full width ' < 3.5 MeV, CL = 95%

Dg1(2460) ™ modes are charge conjugates of the modes below.

Mp, (2460)*

Scale factor/ p
Dy (2460)+ DECAY MODES Fraction (I;/T) Confidence level  (MeV/c)
D&t a0 (48 £11 )% 297
DI~ (18 £4 )% 442
Dirtr— (43+ 13)% s=1.1 363
Dity < 8 % CL=90% 323
D% (2317)F (37F 39 % 138
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Ds; (2536)% 1Py = 0a1t)

J, P need confirmation.
Mass m = 2535.11 + 0.06 MeV

Full width ' = 0.92 + 0.05 MeV

Dg1(2536)~ modes are charge conjugates of the modes below.

D51(2536)+ DECAY MODES Fraction (I';/T) Confidence level (Mgv/c)
D*(2010)* KO 0.85 40.12 149

(D*(2010)" K9 g_pave 0.61 40.09 149
Dt =K+ 0.028+0.005 176
D*(2007)° K+ DEFINED AS 1 167
Dt KO <0.34 90% 381
DOKT <0.12 90% 391

See Particle Listings for 2 decay modes that have been seen / not seen.

D?,(2573) 14P) = 02"

JPis natural, width and decay modes consistent with 2.

Mass m = 2569.1 &+ 0.8 MeV (S = 2.4)
Full width ' = 16.9 £+ 0.7 MeV

D?,(2700)* 1UF) = 017)

Mass m = 2708.3 739 MeV
Full width I = 120 £ 11 MeV

BOTTOM MESONS
(B= +1)

Bt = ub, B® = db, B =db, B~ =Tb, similarly for B*'s

B-particle organization

Many measurements of B decays involve admixtures of B
hadrons. Previously we arbitrarily included such admixtures in
the BT section, but because of their importance we have cre-
ated two new sections: “BE/B9 Admixture” for T(45S) results
and “B*/B%/BY/b-baryon Admixture” for results at higher en-
ergies. Most inclusive decay branching fractions and xp at high
energy are found in the Admixture sections. B9-B? mixing data
are found in the B? section, while B%-B% mixing data and B-B
mixing data for a BY/BY admixture are found in the BY section.
CP-violation data are found in the B+, B, and B* BY Admix-
ture sections. b-baryons are found near the end of the Baryon
section.
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The organization of the B sections is now as follows, where bul-
lets indicate particle sections and brackets indicate reviews.
Y:5
mass, mean life, CP violation, branching fractions
B0
mass, mean life, B0-B° mixing, CP violation,
branching fractions
o B /B% Admixtures
CP violation, branching fractions
« B*/B%/BY/b-baryon Admixtures
mean life, production fractions, branching fractions
L] B*
mass
o By (5721)*
mass
o B;(5721)°
mass
o B3 (5747)F
mass
o B3(5747)0
mass
 B%(5970)*"
mass
« B*(5970)0
mass
. Bg
mass, mean life, Bg—Eg mixing, CP violation,
branching fractions
* B}
mass
o B1(5830)°
mass
o B%,(5840)°
mass
. Bf_:

mass, mean life, branching fractions
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At the end of Baryon Listings:

o /\p
mass, mean life, branching fractions
o Ap(5912)°
mass, mean life
o /5(5920)°
mass, mean life
Xy
mass
LA
mass
° _:g, =
mass, mean life, branching fractions
* =1(5935)~
mass
® Z5(5945)°
mass
© =3(5955)~
mass
. Qg
mass, branching fractions
e b-baryon Admixture
mean life, branching fractions

B:i:

1Py = 3(07)

I, J, P need confirmation. Quantum numbers shown are quark-model
predictions.

Mass Mge = 5279.34 + 0.12 MeV
Mean life 7. = (1.638 & 0.004) x 1072 s

cr = 491.1 um
CP violation
Acp(BT — J/9(1S)KT) = (1.8 £3.0) x 1073 (S =1.5)
Acp(BT — J/p(1S)7t) = (1.8 £ 1.2) x 1072 (S = 1.3)
Acp(BT — J/ppt) = —0.05 £ 0.05
Acp(Bt — J/v¥K*(892)F) = —0.048 + 0.033
Acp(BY — ncKt) =0.0140.07 (S=22)
Acp(BT — ¢(2S)7T) = 0.03 £+ 0.06
Acp(BT — ¥(2S)KT) =0.012 +£0.020 (S =1.5)
Acp(BT — ¥(25)K*(892)T) = 0.08 + 0.21
Acp(BT — xc(1P)7T) =0.07 £ 0.18
Acp(BY — xcoKt)=-020+£0.18 (S =15)
Acp(BT — xc Kt) = —0.009 + 0.033
Acp(BT = xc1 K*(892)T) = 0.5+ 0.5
Acp(BT — DY¢% ) = (—0.14 £ 0.20) x 1072
Acp(Bt — DOzt) = —0.007 + 0.007
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Acp(BT = Dgp(y1)mt) = —0.0080 + 0.0026
Acp(BT = Dgp(—1)mt) = 0.017 + 0.026
Acp([KFrtata—]pnt) = 0.02 + 0.05

Acp(BY — [atrtr—n"]pKt) =0.10 £ 0.04
Acp(BY — [rFa~ 7T 77 ]p K*(892)") = 0.02 £ 0.11
Acp(BT — DYK*) = —0.017 + 0.005
Acp([KFrtrtr—]pKt) = —0.31 £ 0.11

Acp(Bt = [atata—a"]prt) = (-4 £8)x 1073
Acp(Bt — [K~7t]pKT) = —058 + 0.21

Acp(Bt — [K—at720]pKt) =0.07+£0.30 (S =1.5)
Acp(BT — [KTK=7%]pKT) = 0.30 + 0.20
Acp(BT — [ata~70]pK+) = 0.05 + 0.09

Acp(BT — DOK*(892)1) = —0.007 & 0.019
Acp(BY = [K™7t]5K*(892)1) = —0.75 £ 0.16
Acp(BY = [KTrta=xt]5K*(892)") = —0.45 + 0.25
Acp(Bt — [K~7T]pnt) =0.00 + 0.09

Acp(BY — [K~atn0)pnt) =035+ 0.16

Acp(BT = [KTK~=7%]pnt) = —0.03 + 0.04
Acp(BY — [rta~a0pnt) = —0.016 + 0.020
ACP(B+ — [K77r+](D,T)7r+) = —0.09 £ 0.27
Acp(BT — [K~at]py7rt) = —07 £ 0.6

ACP(B+ — [Kiﬂ‘l‘](DTr) K+) =08+04

Acp(BT = [K=aT](psy KT) =04 £ 1.0

Acp(Bt — [nT 7~ 70pKT) = —0.02 + 0.15
Acp(Bt = [KQKt 7~ ]pKT) = 0.04 £ 0.09
Acp(BT — [K§ K-nt]pK*T) =023 £0.13
Acp(BT = [KIK-at]pnt) = —0.052 4+ 0.034
Acp(BT = [KIKTn~]pnt) = —0.025 + 0.026
Acp(BT — [K*(892)" KT]pKt) = 0.03 + 0.11
Acp(BT — [K*(892)T K~]pK™) = 0.34 £ 0.21
Acp(Bt — [K*(892)T K~ ]pnt) = —0.05 £ 0.05
Acp(Bt — [K*(892)" KT]pnt) = —0.012 4 0.030
Acp(B*Y = Dcp(41)K*) =0.120 +0.014 (S = 1.4)
Asps(BT — DK*t) = —0.40 £ 0.06

Aaps(BT — Dxt) =0.100 + 0.032

Aaps(BY — [K—at]pKtm=nt) = -033+£0.35
Aaps(BT — [K—at]pntr—at) = —0.01 £ 0.09

Acp(BT — Dgp(—1)Kt) = —0.10 + 0.07

Acp(BT — [KTKT]pKTa~7mT) = —0.04 + 0.06
Acp(BY — [rta~]pKtn~7t) = —-0.05 + 0.10
Acp(Bt — [K—7t]pKta—at) = 0.013 + 0.023
Acp(BY — [KT K ]patr—7t) = —0.019 + 0.015
Acp(BY — [rTa~]prtr—nt) = —0.013 + 0.019
Acp(BY — [K=at]prtn~nt) = —0.002 £+ 0.011
Acp(Bt — D*07t) = 0.0010 + 0.0028

Acp(Bt — (DZ,P(H))Ow*') =0.016 £ 0.010 (S=1.2)
Acp(Bt — (Dgp(_l))%ﬂ = —0.0940.05
Acp(Bt — D*OKT) = —0.001 + 0.011 (S =1.1)
Acp(Bt — D0 )K+) =-0.11+0.08 (S=27)

CP(+1
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Acp(BT
Acp(B*t
Acp(B*t
Acp(B*t
Acp(B*t
Acp(Bt
Acp(BT
Acp(B*t
Acp(B*t
Acp(Bt
Acp(Bt
Acp(BT
Acp(B*t
Acp(B*t
Acp(B*t
Acp(B*
Acp(BT
Acp(Bt
Acp(BT
Acp(BT
Acp(BT
Acp(Bt
Acp(BT
Acp(B*t
Acp(Bt
Acp(B*
Acp(Bt
Acp(Bt
Acp(B*
Acp(Bt
Acp(B*t
Acp(B*
Acp(Bt
Acp(BT
Acp(B*t
Acp(BT
Acp(Bt
Acp(BT
Acp(B*t
Acp(B*
Acp(BT
Acp(B*t
Acp(BT
Acp(BT
Acp(B*t
Acp(Bt
Acp(BT
Acp(BT
Acp(B*

T o o A e N N A A A N N N A

D¢ p(_1y K*) = 0.07 £ 0.10
Dep(+1) K*(892)1) = 0.08 + 0.06
Dep(—1)K*(892)7) = —0.23 +0.22
Di¢)=00+04

DDY) = (04 £0.7)%
D**+D*0) = —0.15 + 0.11

D**+ DY) = —0.06 + 0.13

D+ D*0) = 0.13 + 0.18

D+ DO = 0.016 + 0.025

K%nt) = —0.017 + 0.016

K+ 79 = 0.037 + 0.021

7 Kt) =0.004 + 0.011

7 K*(892)T) = —0.26 + 0.27

7' K§(1430)") = 0.06 + 0.20

7' K5(1430)") = 0.15 + 0.13
nK*) = —0.37 +0.08
nK*(892)%) = 0.02 + 0.06
nK§(1430)T) = 0.05 + 0.13
nK3(1430)T) = —0.45 + 0.30
wK*t) = —0.02 +0.04

wK**t) =029 £ 0.35

w(Km)sT) = —0.10 £ 0.09
wK3(1430)7) = 0.14 + 0.15
K*O7T) = —0.04 £ 0.09 (S =21)
K*(892)t70) = —0.39 £ 0.21 (S =1.6)
K*ta~xt) = 0.027 + 0.008

K+ K~ K% nonresonant) = 0.06 & 0.05
£(980)°K*) = —0.08 + 0.09
£(1270)K+) = —0.68* {12
f(1500) KT) = 0.28 + 0.30
£5(1525)° K+) = —0.0875:5
PPK*) =037 +0.10

Ko7+ 70) = 0.07 + 0.06
K5(1430)07%) = 0.061 + 0.032
K3(1430)* 70) = 0.26 7518
K3(1430)%7t) = 0.0575:2
K+7070) = —0.06 + 0.07

K%pt) = —0.03 + 0.15
K*tat7~) =0.07 + 0.08

PP K*(892)1) = 0.31 + 0.13
K*(892)% £,(980)) = —0.15 + 0.12
af K% =012+ 011

bf K% = —0.03 £ 0.15
K*(892)0 pF) = —0.01 & 0.16
BYK*) = —0.46 £ 0.20

KOK*) =0.04 £0.14

KYKT) = -0.21 + 0.14

KT KYKY) =0.025 £ 0.031
Kt*K—at) = —0.122 + 0.021
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Acp(Bt — KT K~ xt nonresonant) = —0.11 + 0.06
Acp(Bt — KTK*(892)%) = 0.12 + 0.10
Acp(BT — KTK}3(1430)°) = 0.10 & 0.17
Acp(BY — ¢7t)=0.14+05

Acp(BT — 7T (KT K7)s_wave) = —0.66 £ 0.04
Acp(BtY = KTK~K*) = —0.033 £+ 0.008
Acp(Bt — ¢KT) =10.024 +£0.028 (S =2.3)
Acp(BT — Xo(1550)KT) = —0.04 £ 0.07
Acp(BT — K*TKtK~)=10.11 +0.09
Acp(Bt — ¢K*(892)%) = —0.01 £ 0.08
Acp(BY = ¢(Km)sT) = 0.04 £ 0.16

Acp(Bt — ¢Ki(1270)F) = 0.15 + 0.20
Acp(BtT — ¢K3(1430)7) = —0.23 +0.20
Acp(Bt — KT ¢p) = —0.10 + 0.08

Acp(BT = KT[pg], ) = 0.09 £ 0.10

Acp(Bt — K*(892)*~y) = 0.014 + 0.018
Acp(BT — Xs7v) = 0.028 4 0.019

Acp(BT — nKty)=-0.1240.07

Acp(BT = ¢Kt7) = -0.13+0.11 (S=1.1)
Acp(BY — pty) =—-011+0.33

Acp(Bt — 7t 70) =0.03 + 0.04

Acp(BtY = wta—at) = 0.057 + 0.013
Acp(Bt — p0nt) =0.009 + 0.019

Acp(Bt — £(1270)7F) = 0.40 £ 0.06
Acp(Bt — p0(1450)7%) = —0.11 £ 0.05
Acp(Bt — p3(1690)7t) = —0.80 & 0.28
Acp(BT = 1(1370)7t) = 0.72 + 0.22
Acp(BT — 7wt~ xT nonresonant) = —0.14 1323
Acp(Bt — pta0) =0.02 +0.11

Acp(Bt — ptp%) = —0.05 + 0.05

Acp(BT — wnt) = —-0.04 + 0.05

Acp(BT — wpt) = —0.20 £ 0.09

Acp(BT — nat)=-0144+0.07 (S =14)
Acp(BY — npT)=0.11+£0.11

Acp(BT — n/7t) =0.06 £0.16

Acp(Bt — o/pt) =0.26 £ 0.17

Acp(BT — bBYnt) =0.05+0.16

Acp(BT — pprT) =0.00 + 0.04

Acp(BT — ppKT) =0.004+004 (S=22)
Acp(Bt — ppK*(892)T) =0.21 £0.16 (S = 1.4)
Acp(BY — pAy) =017 £0.17

Acp(BT = pAx®) =0.01 + 0.17

Acp(BY — KTete™)=-002+0.08
Acp(BT — KTete ) =0.14 £0.14

Acp(Bt — Ktputp~) =0.011 + 0.017
Acp(BY — 7tputp~) =-0.11+0.12
Acp(BY — K*t(te=)=-0.094+0.14
Acp(BT — K*ete™)=-0.14 + 0.23
Acp(BY — K*ptpu™)=-0.12 £0.24

v=(T11tg9)°
rg(Bt - DOK*) = 0.0993 + 0.0046
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op(B* - DOK*) = (12962 0)°
rg(Bt = DYK**) = 0.076 + 0.020
sp(B* —» DOK*+) = (987 39)°
rg(Bt = D*0K+) = 0.140 £ 0.019
op(Bt - D*K*) = (319211 1)°

B~ modes are charge conjugates of the modes below. Modes which do not
identify the charge state of the B are listed in the BE /B ADMIXTURE sec-
tion.

The branching fractions listed below assume 50% BOBO and 50% Bt B~
production at the 7°(4S). We have attempted to bring older measurements up
to date by rescaling their assumed 7°(4S) production ratio to 50:50 and their
assumed D, st D*, and + branching ratios to current values whenever this
would affect our averages and best limits significantly.

Indentation is used to indicate a subchannel of a previous reaction. All resonant
subchannels have been corrected for resonance branching fractions to the final
state so the sum of the subchannel branching fractions can exceed that of the
final state.

For inclusive branching fractions, e.g., B — DiX, the values usually are

multiplicities, not branching fractions. They can be greater than one.

Bt DECAY MODES

Fraction (I';/T)

Scale factor/

p

Confidence level (MeV/c)

Semileptonic and leptonic modes

ty X [ (10.99 + 0.28 )%
et ve Xc (108 + 04 )%
Dty X (97 +£07 )%
DOty [ (235 + 0.09 )%
DUty (77 +£25 )x1073
D*(2007)° ¢+ 1y [ ( 566 £ 022 )%
D*(2007)% 7% v, ( 188 + 020)%
D—atity, _ ( 44 +04 )x1073
D3(24201r°é+y13, D0 — ( 25 +05 )x1073
__D7x _
D%(2460)0 ¢+ vy, D30 — ( 153 + 0.16 ) x 1073
D—xt
D nxety(n > 1) ( 188 + 025)%
D*~ntity, ( 60 + 04 )x1073
D1(2420)°¢* vy, DY — ( 3.03 + 020 ) x 1073
_ D*rf _
D} (2430)%¢* vy, DY — (27 £06 )x1073
_ D*xt _
D3(2460)% ¢+ vy, D30 — ( 101 + 024 )x1073 5=2.0
_ D* gt
DOt =ty (17 +04 )x1073
D¥0nt =ity (8 +5 )x10-4
Dg*)f Ktety, (61 + 10 )x10~4
D Ktity, (30 F14 )x104
Dy Ktity, (29 +£19 )x1074
A ( 7.80 + 0.27 )x 1075
nttu, (39 +05 )x1075
0 Ty, (23 +08 )x1075
wlty, [ ( 1.19 + 0.09 ) x 10~4

2310
1911
2258
1839
2306

2065

2254
2084

2065

2301
2248

2242

2185
2638
2611
2553
2582
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X an”;
PPty
pputyy,
ppetve
et e
wtyy,
o,
Fupy
et vey
v,y
,u,+ no ,u,+ vy

Dox
D% X
Dt X
D~ X
+
Dfx

DOxt
Dep(r1)m*

_ Dep-nym*

DO p+

DOK+
Depi1) K™
Dep—1)K*

DOK*

[rt ™ mp K~

DO K*(892)*
Dop(—1) K*(892)*
Dep(y1) K*(892)F

DO K*(892)*

DOK*rta—

DK+ KO

DO K+ K*(892)°

DOrtatp—

D%zt 7+ 7~ nonresonant

on+ P
DO a;(1260)*

(158 £
( 58 T
< 85
( 82 *
< 98
2.90 x 10~07
( 1.09 +
< 30
< 43
< 34
< 16

Inclusive modes

[nnn]

[nnn]

[nnn]

[nnn]

[000] <
[ooo] <
[o00]

[nnn]

[nnn]

8.6

25
9.9

+

+
+

MW HH R R K

BB oH B B R BB R B R R B

0.11 ) x 1074

g:g ) x 106
x 1076

55 )x1078
x10~7

to 1.07 x 1006

0.24 )x 1074
x 1076
x 106
x 1076
x 108

07 )%

4 )%

05 )%

12 )%

I3 )%

035 )%

0 )%

o5 )%

4 )%

13 )%

6 )%

0.13 ) x 1073

0.18 ) x 1073

04 )x1073

0.18 )%

012 )x 1074

0.07 ) x 104

0.18 ) x 104

0.35 ) x 1076
x10~7
x 1072

11 )x10~7

032 )x 1074

09 )x1076

04 )x1074

08 )x10~4

07 )x104

1.6 )x1076

21 )x1074

1.6 )x10~4

1.7 )x 1074

21 )x1073

4 )x1073

3.0 )x1073

4 yx1073

CL=90%

CL=90%
CL=90%

S=1.2
CL=90%
CL=90%
CL=90%
CL=95%

CL=90%
CL=90%

2583
2467
2446
2467

2640
2639
2341
2640
2640
2639
2634

2213
2237
2189
2072
2289
2289
2208
2123
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DOwrt (41 +£09 )x1073 2206
D*(2010)~ 7t xt ( 135 £ 022 )x10°3 2247
D*(2010)~ Kt ot (82 + 14 )x1075 2206
D1(2420)%7F, DY — ( 52 +22 )xi074 2081
D*(2010) 7 *
D~ rxtat ( 1.07 + 0.05 ) x 1073 2299
DKttt (77 +£05 )x1075 2260
D;(2300)° K+, Dg® — ( 61 + 24 )x10-6 -
D~ rt
D3(2460)° K+, D30 — ( 232 £ 023 )x1075 -
D~ xt
D;(2760)° K+, D30 — (36 +12 )x10°6 -
p~nt
Dt KO 2.9 x1076  CL=90% 2278
Dt Kt x~ (56 +11 )x1076 2260
D3(2460)° K+, D30 — 6.3 x10=7  CL=90% -
Dt~
D+ K*0 49 x1077  CL=90% 2211
D+ K0 1.4 x1076  CL=90% 2211
D*(2007)0 rt ( 490 + 017 )x 1073 2256
EEOP(+1)”+ leop] ( 27 + 06 )x1073 -
DZ?P(il)TrJf loop] ( 2.4 + 09 )x10-3 -
D*(2007)0wrt (45 +12 )x1073 2149
D*(2007)° p* (98 +17 )x1073 2181
D*(2007)° K+ ( 397 & 031y <1074 2207
52913(+1)K+ lpop] ( 260 + 0.33 ) x 10~4 -
B*COP(—I)K+ [pop] ( 2.19 + 0.30 ) x 10~4 -
D*(2007)° K+ (78 +22 )x1076 227
D*(2007)0 K*(892)* ( 81 +14 )x1074 2156
D*(2007)° K+ KO 1.06 x1073  CL=90% 2132
D*(2007)° K+ K*(892)° (15 +04 )x1073 2009
D*(2007)0 nt 7t 7 ( 103 +012)% 2236
D*(2007)% 2, (1260)* (19 +05 )% 2063
D*(2007)° 7~ a7t 70 (18 +04 )% 2219
D37t 21~ ( 57 +12 )x1073 219
D*(2010)* 70 3.6 x 1076 2255
D*(2010)* KO 9.0 x1076  CL=90% 2225
D*(2010)~ 7t 7t 70 (15 +£07 )% 2235
D*(2010)~ 7t at wt o~ ( 26 +04 )x1073 2217
D0t l[gaq] ( 57 + 12 )x10~3 -
D;(2420)0 7+ (15 +06 )x1073 S=1.3 2082
D;(2420)0 7+ x B(DY — (25 T 16 )10 $=3.9 2082
DOt 7))
D1(2420)% 7+ x B(DY — (22 +10 )x1074 2082
DOzt 7~ (nonresonant))
D3(2462)0 7+ ( 356 + 0.24 )x 1074 -
x B(D5(2462)° - D~ xt)
Dj3(2462)0 rt xB(D30 — (22 £10 )x1074 -
DO xt)
D3 (2462)° 7t xB(D30 — 1.7 x1074  CL=90% -

D%7~ 7t (nonresonant))
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D3(2462)% 7+ xB(D30 —
D*(2010)~ xt)
D;;(2400)0 7+
x B(Dj(2400)° — D~ x+)
D4 (2421)0 7t
x B(D1(2421)° — D*~77)
D3(2462)0 7+
x B(D3(2462)° — D*~r¥)
D (2427)0 7+
x B(D}(2427)% — D*~r¥)
D1(2420)° 7+ xB(DY —
DOrt )
D3(2420)0 p*
D3(2460)°t
Dj3(2460)° 7+ xB(D30 —
DOrt )
D;(2680)° 7+, D3(2680)0 —
_ D—at _
D3(2760)° 7+, D3(2760)% 7+ —
_ D—at _
D3(3000)° 7+, D5(3000)° 7+ —
_ D xt
D3(2460)% p*
DD}
D%(2317)*D°, Dif — D a0
Dso(2317)+ DO x
B(Ds(2317)t — Dit)
Dso(2317)+ D*(2007)° x
B(Dsp(2317)* — D} x0)
D, ;(2457) DO

D, 7(2457)+ DO x
B(Ds;(2457)* — DY )
D, 7(2457)+ DY x
B(D,;(2457)F —
D;’ atrT)
D, 7(2457)+ DO x
B(Ds(2457)* — DY x0)
D, ;(2457)1 DO x
B(D,;(2457)* — D)
D, 7(2457)F D*(2007)°
D, 7(2457)1 D*(2007)° x
B(Ds;(2457)* — D{ )
DO Dg; (2536)F x
B(Ds1(2536)" —
D*(2007)° K+t +
D*(2010)* K?)
DO Dy (2536)F x
B(Ds1(2536)F —
D*(2007)°K+)

A

2.2

6.4

6.8

1.8

5.0

1.4
1.3
2.2

8.4

1.00

2.0

4.7
9.0

8.0
7.6

3.1

4.6

2.2

2.7

9.8

1.20
1.4

4.0

2.2

+

I+

I+

1.1 )x1074
14 )x107%
15 )x 1074
05 )x104
1.2 )x1074
x 106
x 1073
x 103
x 1075
21 )x107°
0.22 ) x 107
14 )x1076

x 1073
09 )x10-3

16 yx10—4
x 10~4

7 )x1074

) x 1073

HE OR
—Ww Lo

) x 104

x 10~4

x 10~4
x 10~4

0.30 )%

gg ) x 10—3

1.0 )x10~4

07 )x10~4

CL=90%

CL=90%
CL=90%
CL=90%

CL=90%

CL=90%

CL=90%

CL=90%

CL=90%

2136

2082

1996

2063
2063

1977
1815

1605
1605

1511

1447

1447
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81

D*(2007)0 Dy (2536) 1 x
B(Ds1(2536)T —
D*(2007)° K )

DP Dy (2536) T x

B(Ds;(2536)1 — D*t KO)

DO D, ;(2700)* x

B(D,;(2700)" — DOKT)

D*0Dg;(2536)F, DY, —
D*+ KO

DODy,(2573)*, Df, — DOK+
D*0D,;(2573), Df, — DOK+
D*(2007)° Dy ;(2573), Df, —

DOK+
DODit
D*(2007)° D}
D*(2007)° DE+
(%)+ %0
25 D**
D*(2007)° D*(2010)*

D D*(2010)* + D*(2007)° D*

DO D*(2010)*

DOp+

DD+ KO

D*D*(2007)°
D*(2007)° D KO

DO p*(2010)*F KO
D*(2007)° D*(2010)* K°
DODOK+

D*(2007)° DOK+

DO D*(2007)0 K+
D*(2007)° D*(2007)° K+
D~ Dt K*

D~ D*(2010)t K+
D*(2010)~ DT K+
D*(2010)~ D*(2010)* K+
(D+D*)(D+D*)K
D?ﬁo

[)gf'ﬂﬂ

D£+77

iy

DS p

D’SF-I— pO

Dg+w

DS w

DY a1(1260)°

Dt a1(1260)°

DY Kt K=

+ 0
D} K*

—~ o~~~ —~

<

e e e e e e T N e e e e

NN AN AN AN AN ANNA

—

AN AN AN ANA

55

23

5.6

3.9

7.6
8.2
1.71

2.7
8.1
1.30
3.9
3.8
1.55
6.3
21
3.8
9.2
1.45
2.26
6.3
1.12
2.2
6.3
6.0
1.32
4.05

+ 16 )x1074

+ 11 )x1074

+ 18 )x1074 S=1.7

+ 26 )x1074

+15 ) x 106
x 1074  CL=90%
x10™4  CL=90%

+ 16 )x1073

+ 17 )x1073

+ 024 )%

+12 )%

+ 17 )x107*
% CL=90%

+ 05 )x1074

+ 04 )x1074

+ 021 ) x 1073

+ 17 )x1074

+ 05 )x1073

+ 04 )x1073

+ 12 )x1073

+ 033 ) x 1073 S=2.6

+ 023 )x1073

+ 05 )x1073

+ 013 )%

+ 07 )x1074

+ 1.1 )x1074

+ 13 )x1074

+ 0.18 ) x 1073

+ 030 )%

+ 05 )x107°
x10~4  CL=90%
x10™4  CL=90%
x10~4  CL=90%
x10™4  CL=90%
x10™4  CL=90%
x 1074  CL=90%
x10™4  CL=90%
x1073  CL=90%
x1073  CL=90%

+ 11 )x10°
x1077  CL=90%
x1075  CL=90%
x1074  CL=90%
x 1074  CL=90%
x1076  CL=90%
x1076  CL=90%

1339

1447

1339

1306
1306

1734
1737
1651

1713
1792
1792
1866
1571
1791
1475
1476
1362
1577
1481
1481
1368
1571
1475
1475
1363

2270
2215
2235
2178
2197
2138
2195
2136
2079
2015
2149
2141
2079
2242
2185
2172
2172
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Dit K*(892)°
D¢ T KT

sz rt Kt

Dy wt K*(892)*
Dy« K*(892)*
D; KT KTt

DI KtK*

(

<

3.5
1.80
1.45
5

7
9.7
1.5

+
+

+

Charmonium modes

ne KT
ne KT, ne = KOSKq:ﬂ'i
ne K*(892)*
neKtnta~
ne KT w(782)
neKtn
ne Kt 70
nc(25) K+
nc(2S)K*, nc = pp
nc(2S)K*, ne — KOSKq:ﬂ'i
nc(S)K+, ne = pprta
he(IP)K*, he — J/pmatn™
X(3730)°K*, X0 = nen
X(3730)° K+, X0 = pcnd
Xc1(3872) K+
Xc1(3872)K™t, xc1 — PP
Xc1(3872) K, xe1 —
J/prta~
Xc1(3872)K+: Xcl
Xc1(3872) K+, xc1
»(25)y
Xc1(3872) K, xe1
J/(1S)n
Xc1(3872)K+v Xc1
Xc1(3872)K+: Xcl
Dt D~
Xe1(3872) K, xc1
DODO 70
Xcl£>872)K+: Xc1
D*O 0

xc1(3872)0 K+, X% —
7]C7r+7r7
Xc1(3872)° K+, X% —
ncw(782)
Xc1(3872) K+, xa1 —
Xc1(1P)nta™
xc1(3872) K, xc1(3872) —
Xcl(lP)WO
X(3915) K+
X(3915)°K*, X0 = nen
X(3915)° K+, X0 — 5.0
X(4014)0 K+, X0 = 5o
X(4014)°K*, X0 - pcn0
Zc(3900)° K+, 20 — penta
X(4020)0 K+, X0 — poatr—

I/

1

1

DOD°

L1l

(
(

(

VAVANVANIVAY

AN N AN ANA

A

AN ANANNANNANNANNA

1.06
2.7
1.1
3.9
53
2.2
6.2
4.4
3.5
3.4
1.12
3.4
4.6
5.7
2.6

8.6

7.7

6.0
4.0

1.0

8.5

3.0

6.9

1.5

8.1

2.8
4.7
1.7
3.9
1.2
4.7
1.6

+

I+

x 10~4

022 ) x 1074
0.24 )x 1074

2.1

x 10~3
x 1073
) x 10-6
x 1075

0.09 ) x 10~3

0.6

0.5
0.4

1.0
0.8

2.3
1.6

) x 107
) x 10-3
x 1074
x 10~4
x 1074
x 1075
) x 1074
) x 108
) x 1076

0.18 ) x 1076

0.8

0.4

2.6

x 10~
x 1075
x 1076
x 10~4
x 1079
) x 10—©

) x 106
) x 10-6

x 106

x 1075
x 1073

) x 1074
) x 1075
x 1075
x 1075
X 1076
x 1070
x 10~4
x 1075
x 1075
x 1075
x 1075

x 1075
x 102

CL=90%

CL=90%
CL=90%

CL=90%

S=1.2

CL=90%
CL=90%
CL=90%
CL=90%

CL=90%
CL=90%
CL=90%
CL=90%
CL=95%

S=1.1
S=25

CL=90%

CL=90%
CL=90%

CL=90%

CL=90%

CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%

2112
2222
2164
2138
2076
2149
2088

1751

1646

1684
1475
1588
1723
1320

1141
1141

1141

1141
1141

1141

1141
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Xc1(3872) K*(892) T, xc1 — < 48 x1076  CL=90% 939
/Yy
Xc1(3872) K*(892)T, xc1 — < 28 x107%  CL=90% 939
¥(25)y
Xe1(3872)Y KO, X, — ] < 6.1 x 1076 CL=90% -
J/p(1S)nt 70
X1 (3872) K07+, xo1 — ( 1.06 + 031 )x1075 -
J/p(AS)nta~
Z(4430)T KO, ZF — Jjprt < 15 %1075 CL=95% -
Zc(4430)t KO, ZF — p(@S)nt < az x1075  CL=95% -
Y(4260)° KT, 0 — J/prtaT < 16 x1075  CL=95% -
X(3915) K™, X — J/py < 14 x107%  CL=90% -
X(3915)K*, X — xc1(1P)7° < 38 x107%  CL=90% -
X(3930)0K*, X0 = J/yny < 25 x 1076 cL=90% -
J/Y(1S)K* ( 1.006+ 0.027) x 103 1684
J/p(1S)KOxt ( 114 + 011 )x 1073 1651
J/P(AS)K T rta~ (81 +13 )x1074 S=2.5 1612
J/P(AS) KT K= K+ ( 337 £ 029 )x107° 1252
X(3915)K*, X — pp < 71 x1078  CL=95% -
J/(1S) K*(892)* ( 143 + 0.08 )x 1073 1571
J/¥(1S) K(1270)* (1.8 +05 )x1073 1402
J/4(1S) K(1400)T < 5 x1074  CL=90% 1308
J/p(1S)nK* ( 124 + 014 )x 1074 1510
Xel—o0dd(3872) KT, < 38 x1076  cL=90% -
Xcl—odd = J/¥n
P(4160) KT, o — J/um < 14 x1076  CL=90% -
J/p(1S)n' K+ < 88 x1075  CL=90% 1273
J/Y(1S)p KT ( 50 + 04 )x1075 1227
J/w(1S) K1(1650), K; — oKt (6 F Hxw® -
J/w(1S) K*(1680)F, K* — (34 F139 )x1w06 -
oK+
J/w(1S)K5(1980), K3 — oK+ (15 © 02 yx106 -
J/9¥(1S)K(1830)*, (13 £13 )x1w06 -
K(1830)T — oKt
Xc1(4140)KF, xe1 — (10 +4 )x106 -
J/p(1S)¢
Xe1(4274) K+, x4 — (36 *32 )x1w0°6 -
J/(1S)¢
Xco(4500) K+, X% — J/y(1S)¢ (33 F21 yx10°6 -
Xco(4700) K, xco — (e * 3 ) x 1076 -
J/p(18)é
J/p(1S)wKt ( 320 389 )x10-4 1388
Xc1(3872) KT, xa1 — J/Yw ( 60 +22 )x1076 1141
X(3915)Kt, X — J/ypw (30 0% yx10-3 1103
J/p(1S)mt ( 3.87 + 011 )x 1075 1728
J/pAS)atatat =™ ( 116 + 013 )x 1075 1635
Y(2S)rtrt (19 +04 )x1075 1304
J/H(1S) p* (41 +05 )x107° S=1.4 1611
J/¢(1S) 7T 70 nonresonant < 13 x1076  CL=90% 1717
J/(15) a1 (1260)F < 12 x1073  CL=90% 1415
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J/p(1S) pprt < 50
J/9(1S)pA ( 146
J/p(1S)%p < 11
J/p(1S) D < 12
J/¢y(1S) D0zt < 25
»(2S) 7t ( 244
P(2S)KT ( 6.19
»(25) K*(892)F ( 67
Y(2S)Ktrtr— ( 43
(25) $(1020) K+ ( 40
P(3770) KT ( 49
»(3770)K+,9 — DODO ( 15
$(3770)K+,7) — DT D~ ( 9.4
»(37TT0)KT, ¢ — pp < 2
(4040) KT < 13
»(4160) KT ( 51
¥(4160)K+, ¢ — DODO (8
X507r+, Xco — ata~ < 1
Xco KT ( 150
Xco K*(892)F < 21
Xe1(1P)mt (22
Xc1(1P) KT ( 485
Xc1(1P) K*(892)* ( 30
X1 (1P) KOzt ( 5.8
Xc1(1P)K* 70 ( 3.29
Xc1t(IP)KTntr ( 3.74
X1 (P KT, xc1(2P) — < 11
7t a7 xc1(1P)
L (11
X2 KTy Xeo = pPrt T < 19
Xeo K*(892) < 12
X KOt ( 116
XCQf(+'FO < 62
X Ktata~ ( 1.34
Xc2(3930) 7 F, xeo = 7T < 1
he(1P)Kt ( 37
he(LPYK*, he — pp < 64
K or K* modes
KOzt ( 237
Kt 70 ( 1.29
n Kt ( 7.04
n K*(892)™ ( 48
o K5(1430)* ( 52
7' K3(1430)" ( 28
nK* ( 24
nK*(892)* ( 193
nK§(1430)F ( 18
nK5(1430)* ( 91
n(1295) K+ x B(n(1295) — ( 29
nw)
n(1405) Kt x B(n(1405) — < 13

nmm)

HoH B H BB R

H

H oW W H R

=+

I+ B H W B H B I+ B H

0.12

0.30
0.22
1.4
0.5
0.7
1.3
0.5
35

0.15
0.13

0.5
0.33
0.6
0.4
0.35
0.30

0.4

0.25

0.19

1.2

0.08
0.05
0.25

x10~7
) x 1073
x 1075
x 1074
x 1075

CL=90%
CL=90%

CL=90%
CL=90%

S=1.3

CL=95%
CL=90%

CL=90%

CL=90%

S=1.5
S=1.1

CL=90%

CL=90%

CL=90%

CL=90%

CL=95%

CL=90%

643
567

871

665
1347
1284
1116
1179

417
1218
1218
1218

1003
868

1531
1478

1341
1468
1412
1265
1370
1373
1319

1379

1228
1336
1339
1284
1437
1401

2614
2615
2528

2472

2346
2588
2534

2414

2455

2425
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n(1405) K+ x B(n(1405) — < 12 x1076  CL=90% 2425
K* K)
n(1475) K+ x B(n(1475) — ( 138+ 321075 2407
K*K) '
f(1285) KT < 20 x1076  CL=90% 2458
f1(1420) KT x B(f;(1420) — < 29 x1076  CL=90% 2420
nmwm)
f1(1420) K+ x B(f(1420) — < 41 x1076  CL=90% 2420
K* K)
#(1680) K x B(4(1680) — < 34 x 1076 CL=90% 2344
K*K)
f(1500) K+ ( 37 +22 )x10°° 2398
wKt (65 + 04 )x1076 2558
wK*(892)* < 14 x1076  cL=90% 2503
w(Km)gt ( 28 +£04 )x1075 -
wK§(1430)" (24 +05 )x1075 -
w K3(1430)* (21 + 04 )x107° 2379
a0(980)T KO x B(a0(980)*t — < 39 x1076  CL=90% -
nmt)
a0(980)° Kt xB(ap(980)° — < 25 %1076 CL=90% -
n?)
K*(892)° zt ( 101 + 008 )x107° 2562
K*(892)* 70 ( 68 +09 )x1076 2563
Ktrn=nt ( 510 % 029 )x 1075 2609
K+ 7~ nt nonresonant ( 163 T 32 )x10-5 2609
w(782) K+ (6 +9 )x106 2558
K+ 15(980) x B(f(980) — (94 F19 )x106 2522
mtrT)
£,(1270)0 K+ ( 1.07 + 027 )x 1076 -
f(1370) 0 K+ x B(f(1370)° - < 107 x1075  CL=90% -
ata™)
p°(1450) KT x B(p0(1450) — < 117 x1075  CL=90% -
atrT)
5(1525) KT x B(f}(1525) — < 34 x1076  CL=90% 2394
atn7)
K+ 0 ( 37 +£05 )x10°6 2559
K3(1430)07F (39 +38 )xws S=1.4 2445
K(1430)+ 70 ( 119+ 3201075 -
K3(1430)07F (56 t22 )x106 2445
K*(1410)0 7+ < 45 x107%  CL=90% 2448
K*(1680)°0 7t < 12 x107%  CL=90% 2358
Kt 7070 ( 1.62 + 0.19 )x 105 2610
(980) K+ x B(fy — x070) ( 28 +£08 )x1076 2522
K- ntnat < 46 x1078  CL=90% 2609
K~ 7t 7% nonresonant < 56 x 1075 CL=90% 2609
K1(1270)0 7+ < 40 x1075  CL=90% 2489
K1(1400)0 7+ < 39 x1075  CL=90% 2451
KOnt 70 < 66 x107%  CL=90% 2609
KOpt (73 T19 )x1w0-6 2558
K*(892) T ntn— (75 +£1.0 )x1075 2557
K*(892)* p0 ( 46 +11 )x1076 2504
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K*(892)7 £,(980)
al KO
b KOx B(b] — wr™)
K*(892)0 pt
K1(1400)* p°
K3(1430)* p0
BY K+ x B(B) - wn?)
b K*0x B(b — wrt)
By Kt x B(bY — wn?)
KtTKO
KOK+ 70
0 0
K*KYKS
f(980) KT, fo — KK
RHTI0)KT, fy —» KIKY
K+ K% K nonresonant
0 4,0
KS KS at
KtK=nt
K™ K~ 7t nonresonant
K+ K*(892)°
K+ Kp(1430)°
wt (K+ Ki) S—wave
KtKtn~
Kt K+ 7~ nonresonant
1, (1525) K+
2
Kt K=
K*(892)" K*(892)°
K Ktn~
KtK=K*
Kt¢
5(980) Kt x B(fp(980) —
KtK™)
a5(1320) KT x B(a,(1320) —
KtK™)
Xo(1550) Kt x B(Xq(1550) —
KtK™)
#(1680) K x B(¢(1680) —
KtK™)
f(1710) K+ x B(fy(1710) —
KtK™)
Kt K~ K+t nonresonant
K*(892)t Kt K~
K*(892)*" ¢
*+
¢(K7T)o
&Ky (1270)F
¢ Ky (1400)T
HK*(1410)F
¢ K§(1430)F
¢ K3(1430)
(1770)
)

T+

P K3(1770
¢ K3(1820)F
af*/(*o

4.2
3.5
9.6
9.2
7.8
1.5
9.1
5.9
6.7
1.31
2.4
1.05
1.47

4.8

2.0
51
5.2
1.68
5.9
3.8
8.5
1.1
8.79
1.8
1.18
9.1
6.1
3.40

8.8
9.4

11

4.3

HoH W W

B+ R

HOHH R

B+ W

HoH BB+

H

0.7 )x 1070
0.7 )x107°
1.9 )x1076
15 )x107©
x 10~4
x 103
20 )x107°
x 10©
x 1076
0.17 ) x 1076
x 1075
0.04 ) x 107°
0.33 ) x 107°
39 yx1077
04 )x1075
x 107
04 )x1076
0.26 ) x 1076
08 )x1077
13 )x1077
09 )x10~7
x 108
x 1075
05 )x107°
x 1075
29 )x10~7
x 1076
0.14 ) x 107°
&Z )><1076
32 )x1076
x 106
0.7 )x 1070
x10~7
06 )x1076
028 ) <1075
05 )x107°
20 )x107°
1.6 )x1076
1.9 )x1076
x 1076
x 106
1.6 )x1076
21 )x1076
x 1075
x 1072
x 106

CL=90%
CL=90%

CL=90%
CL=90%

S=1.2
CL=90%

CL=90%

CL=90%
CL=90%

S=1.1
CL=90%

CL=90%
S=1.4

S=1.1

CL=90%

CL=90%

CL=90%
CL=90%

CL=90%
CL=90%
CL=90%

2466

2504
2388
2381

2593
2578
2521

2521
2577
2578
2578
2540
2421
2578
2578
2578
2394
2524
2485
2524
2523

2516
2522

2449
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Kt ¢o ( 50 +12 )x1076 $=2.3
'y Kt < 25 x107%  CL=90%
woKT < 19 x1076  CL=90%
X(1812) KT x B(X — wa) < 32 x1077  CL=90%
K*(892)F v ( 392 £ 022 )x10°5 5=1.7
Kq(1270)F ~ (a4 * 0T yx100
nKty (79 +£09 )x1076
7 Kty (29 * 1% )xwse
oKty (27 +£04 )x106 S=1.2
Kta—aty ( 258 £ 015 )x 1075 S=1.3
K*(892)0 rt ( 233 + 012 )x1075
Kt p0ny ( 82 +09 )x1076
(Kt )nr7ty (99 *t ég ) x 1076
KOzt 70y ( 46 + 05 )x1075
K1(1400)t ~ (10 *% )xiw6
K*(1410)t 5 (27 + 38 )xw0s
K3(1430)0 7ty (13271028 )x10°6
K3(1430) T (14 +04 )x10°
K*(1680)t ~ (67 17T )%
K%(1780) " v < 39 x107%  CL=90%
K;(2045)* 4 < 99 x1073  CL=90%

Light unflavored meson modes

pTy (98 +25 )x10 7

at a0 ( 55 + 04 )x1076 s=1.2

atata~ ( 152 + 014 )x 1075
ras (83 +12 )x10°6
7t £(980), fy — 7Ta~ < 15 x1076  CL=90%
7t £(1270) (22 +37 )x1w0-6
p(1450)07F, 0 — ata— (14 F 08 yx1076
p(1450)07F, 0 — KT K- ( 1.60 + 0.14 ) x 1076
fL(1370) 7, fo — 7T A~ < 40 x107%  CL=90%
f(500)nt, fy — 7t~ < 41 x1076  CL=90%
7t a~xt nonresonant ( 53 t1% Hyx106

at 7070 < 89 x 1074 CL=90%
pt a0 ( 1.09 + 0.14 ) x 1075

ata=at a0 < 40 %1073 CL=90%
ptp° ( 240 + 019 )x 1075
pT£(980), fy = atm~ < 20 x1076  CL=90%
a1(1260)t =0 (26 +07 )x107°
a1(1260)0 7t ( 20 + 06 )x1075

wrt (69 + 05 )x107°

wpt ( 159 + 021 )x10°5

nrt ( 402 + 027 )x10°6

npt ( 70 +29 )x10°° 5=2.8

n'mt (27 +£09 )x1076 S=1.9

0 pt (97 +£22 )x106

ont ( 32 +£15 )x108

opT < 30 x1076  CL=90%

2306
2338
2374

2564
2491
2588
2528

2516
2609
2562
2559

2609
2609
2453

2445
2447
2360

2341
2242

2583
2636
2630
2581
2545

2484

2434

2460

2630

2631
2581
2622
2523
2486
2494
2494
2580
2522
2609
2553
2551
2492
2539
2480
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(980)° 7+, a — nn < 58 x 1076 CL=90% -
20(980)* 70, af — nat < 14 x 1076 CL=90% -
atatatan~ < 86 x10™%  CL=90% 2608
p%ay(1260)* < 62 x 1074 CL=90% 2433
p0ay(1320)F < 12 x 1074 CL=90% 2411
Bnt, b9 —» wnrl ( 67 +20 )x10°6 -
bf a0 b — wat < 33 x 1076 CL=90% -
atatrto o= a0 < 63 x1073  CL=90% 2592
b p% bf = wrt < 52 x10=6  CL=90% -
a1(1260)* a; (1260)° < 13 % CL=90% 2336
b pt, BY — wrd < 33 x 1076 CL=90% -

Charged particle (h%) modes
ht = kTt or ot

ht 70 (16 T3 )yx105 2636
wht ( 138 7 32 )x1075 2580
h* X0 (Familon) < 49 x107%  CL=90% -
KtXx0, X0 - ptp- < 1 x 1077 CL=95% -
Baryon modes
pprt ( 1.62 + 020 )x 1076 2439
ppmt nonresonant < 53 x1075  CL=90% 2439
ppKt ( 59 +£05 )x1076 S=15 2348
O(1710)ttp, Ot — pK™T [sss] < 91 x 1078 CL=90% -
f1(2220) K+, f; — pp [sss] < 4.1 x10~7  CL=90% 2135
pA(1520) (31 +06 )x10°7 2322
pp K™ nonresonant < 89 x1075  CL=90% 2348
pPK*(892)* (36 38 )x10-6 215
f1(2220) K*+, f; — pp < 77 x10~7  CL=90% 2059
pA (24 T13 )xw07 2430
pAy (24 0% )yx1076 2430
pAn0 (30 T30 yx10-6 2402
pX(1385)0 < a7 x10~7  CL=90% 2362
ATA < 82 x10~7  CL=90% -
pXy < 46 x 1076 CL=90% 2413
pAnta~ ( 113 & 013 )x 1075 2367
pArT 7~ nonresonant (59 +11 )x1076 2367
pApL, PO — xta- ( 48 +09 )x1076 214
pA£(1270), £ — wta~ (20 +08 )x1076 2026
PAKT K= ( 41 £ 07 )x1076 2132
pAd ( 80 £ 22 )x10°7 2119
PAKT K= (37 +£06 )x107© 2132
Nzt < 94 x10~7  CL=90% 2358
AKT ( 34 +£06 )x1076 2251
AAK* (22 T}2 )x10°6 2098
AN1520)AK+ (22 +£07 )x107° 2126
AA(1520) K+ < 208 x 1076 2126
A% < 138 x1076  CL=90% 2403
Attp < 14 x10~7  CL=90% 2403
Dt pp < 15 x107%  CL=90% 1860
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D*(2010)+pp < 15 x107%  CL=90% 1786
DOpprt ( 372 £ 027 )x1074 1789
D*Oppﬂ ( 373 + 032 )x1074 1709
D~ pprtw ( 1.66 + 030 )x 104 1705
D*~pprta~ ( 1.86 + 025 )x 104 1621
pAODO ( 143 + 032 )x 1075 -
p/\0 D*(2007)° < 5 X105 CL=90% -
A-prt (23 +04 )x1074 $=2.2 1980
/\c A(1232)FF < 19 x1075  CL=90% 1928
A Ax(1600)TF ( 47 +10 )x1075 -
AZ AX(2420)++ ( 37 +£08 )x107° -
(/\ p)smt [ttt] ( 31 + 07 )x107° -
C(2520)° < 3 x1076  CL=90% 1904
X (2800)0p ( 26 +£09 )x1075 -
A prt a0 (18 + 06 )x1073 1935
A-prtrta (22 +07 )x1073 1880
A-prtataal < 134 % CL=90% 1823
AL AZ KF (49 +07 )x1074 739
_6(2930)/\ ., I KYAD (17 +05 )x1074 -
T (2455)p (29 +07 )x1075 1938
¥ (2455)0 p70 ( 35 +£11 )x1074 1896
X (24550 pr (35 +11 )x1074 1845
X (2455) prtat ( 237 + 020 )x1074 1845
6(2593) /Ac(2625)” prt < 19 x107%  CL=90% -
_C/\C (95 +23 )x1074 1144
Z0AF 20 Ztam ( 176 + 0.29 ) x 1075 1144
20AF 20— Akt ( 114 + 026 ) x 1075 1144
?E/\:zr, 20— pK—K—at (55 + 19 )x1076 -
ATED < 65 x1074  CL=90% 1023
/l+ = (2645)° < 19 x1074  CL=90% -
A Z(2790)° (11 + 04 )x1073 -
Lepton Family number (LF) or Lepton number (L) or Baryon number (B)
violating modes, or/and AB = 1 weak neutral current (B1) modes
atete— BI < 49 x1078  CL=90% 2638
ateter BI < 80 x1078  CL=90% 2638
Tutp~ B1 ( 175 + 022 ) x 1078 2634
atuvw B1 < 14 x1075  CL=90% 2638
KTt~ Bl [ ( 451 + 023 )x10~7 S=1.1 2617
Ktete™ BI (55 + 07 )x10~7 2617
K+t BI ( 441 £ 022 )x10~7 S=12 2612
KT pt = nonresonant  B1 ( 437 £ 027 )x10~7 2612
Ktrtr BI < 225 x 1073  CL=90% 1687
77 BI < 16 x107°  CL=90% 2617
ptuvT BI < 30 x107°  CL=90% 2583
K*(892)T ¢+ ¢~ BI  [m ( 1.01 £ 011 )x10~6 S=1.1 2564
K*(892)t et e~ B1 ( 155 + 040y 10-6 2564
K*(892)* ut u~ BI (96 + 10 )x10°7 2560
K*(892)* v BI < 40 x1075  CL=90% 2564
Ktrnta—putpu~ BI ( 43 + 04 )x10°7 2593
KTt~ BI (79 21 yx108 2490
Apvv < 30 x107%  CL=90% 2430
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atetpu~ LF < 64 x10~3  CL=90% 2637
ate put LF < 6.4 x1073  CL=90% 2637
atet T LF < 17 x10~7  CL=90% 2637
ntetr™ LF < 14 x107%  CL=90% 2338
rte 1t LF < 20 x107%  CL=90% 2338
atetrF LF < 15 x1075  CL=90% 2338
atptr™ LF < 62 x1075  CL=90% 2333
atp= 7t LF < 45 x1075  CL=90% 2333
ot LF < 12 x1075  CL=90% 2333
Ktetpu™ LF < 70 x1079  CL=90% 2615
Kte put LF < 64 x1079  CL=90% 2615
Ktet,F LF < 91 x10~8  CL=90% 2615
Ktetr— LF < 43 x107%  CL=90% 2312
Kte 7t LF < 15 x1075  CL=90% 2312
KtetsF LF < 30 x107%  CL=90% 2312
Ktutr— LF < 45 x1073  CL=90% 2298
Ktpu—rt LF < 28 x107%  CL=90% 2298
Kt ¥ LF < 48 x107%  CL=90% 2298
K*(892)T et u~ LF < 13 x1076  CL=90% 2563
K*(892)T e~ ut LF < 99 x1077  CL=90% 2563
K*(892)* et uF LF < 14 x1076  CL=90% 2563
n"etet L < 23 x1078  CL=90% 2638
TR Tas L < 40 x1079  CL=95% 2634
a~etput L < 15 x10~7  CL=90% 2637
p_etet L < 17 x1077  CL=90% 2583
pptpt L < 42 x10~7  CL=90% 2578
p~etut L < a7 x10~7  CL=90% 2582
K= etet L < 30 x1078  CL=90% 2617
K= putput L < 41 x1078  CL=90% 2612
K= etput L < 16 x10~7  CL=90% 2615
K*(892)~ ete™ L < 40 x10~7  CL=90% 2564
K*(892)~ ut ut L < 59 x10~7  CL=90% 2560
K*(892)~ et put L < 30 x10~7  CL=90% 2563
D etet L < 26 x1076  CL=90% 2309
D~ etput L < 18 x1076  CL=90% 2307
D~ putput L < 69 x10~7  CL=95% 2303
D*~ ptpt L < 24 x1076  CcL=95% 2251
Dy ptpt L < 58 x10~7  CL=95% 2267
DOn—ptpt L < 15 x1076  CL=95% 2295
A0t LB < 6 x 1078 CL=90% -
Net LB < 32 x1078  CL=90% -
A0t LB < 6 x 1078 CL=90% -
AVet LB < 8 x1078  CL=90% -

See Particle Listings for 15 decay modes that have been seen / not seen.

BY 1Py = 3007

I, J, P need confirmation. Quantum numbers shown are quark-model
predictions.
Mass mgo = 5279.65 + 0.12 MeV
mgo — Mgx = 0.31 £ 0.05 MeV
Mean life 7o = (1.519 & 0.004) x 10712 5
cr = 455.4 um
Tg+/Tgo = 1.076 & 0.004  (direct measurements)
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BY-B® mixing parameters

Xd = 0.1858 & 0.0011
Amgo = mpgy — mpo = (0.5065 £ 0.0019) x 1012 /i s~ !
H L

= (3.334 £ 0.013) x 10710 MeV
Xg = Ampgy [T go = 0.769 £ 0.004
Re(Acp / |Acp|) Re(z) = 0.047 £ 0.022
AT Re(z) = —0.007 + 0.004
Re(z) = (-4 +4) x 1072 (S =14)
Im(z) = (—0.8 & 0.4) x 1072
CP violation parameters
Re(ego)/(1+]ego[?) = (0.5 £ 0.4) x 1073
At/cp(B » B%) = 0.005 + 0.018
Acp(B® — D*(2010)* D~) = 0.037 + 0.034
Acp(B® — [KTK~]1pK*(892)%) = —0.05 + 0.10
Acp(BY — [K* 77 ]pK*(892)°) = 0.047 & 0.029
Acp(BY — [KTa~at 7~ ]pK*(892)°) = 0.037 + 0.034
Acp(BY = [K~7t]pK*(892)%) = 0.19 + 0.19
Acp(B® —» [K—atata=]pK*(892)°) = —0.01 + 0.24
Ry =T(B® = [x*K~]pK™?) /(B = [r~ K*]pK*0) =
0.064 + 0.021
Ry =T(B® = [x=K*]pK*®) /T(B® = [rtK~]pK*0) =
0.095 =+ 0.021
Acp(B® = [nt 77 ]pK*(892)°) = —0.18 + 0.14
Acp(B® = [nTr—nta=]pK*(892)%) = —0.03 + 0.15
Ry =T(B® = [stK—xtx~]pK*) /(B —
[7~ KT7t 7~ ]p K*0) = 0.074 & 0.026
Ry =T(B® = [n~Ktxtx~]pK*) /T(B® -
[T K= 7t 7~ ]p K*) = 0.072 £ 0.025
Acp (B® - Ktx~) = —0.083 + 0.004
Acp(BY — 7 K*(892)%) = —0.07 + 0.18

Acp(BY = 7/ K3(1430)%) = —0.19 £ 0.17
Acp(BY — 7' K3(1430)%) = 0.14 £ 0.18
Acp(B® - nK*(892)%) = 0.19 + 0.05
Acp(BY — 7K;(1430)°) = 0.06 + 0.13
Acp(B® — 1K3(1430)°) = —0.07 £ 0.19
Acp(B® — b KT) = —0.07 + 0.12
Acp(BY —» wk*0) = 0.45 + 0.25

Acp(BY = w(Km)0) = —0.07 £ 0.09
Acp(BY — wK3(1430)0) = —0.37 £ 0.17
Acp(B® = Kta—a0) =(0+6)x102
Acp(B® = p~Kt) =020+ 0.11

Acp(B® — p(1450)" K*) = —0.10 £ 0.33
Acp(B® = p(1700)" Kt) = —0.4 + 0.6
Acp(B® — KT a~a%nonresonant) = 0.10 4 0.18
Acp(B® — KOntx—) = —0.01 4+ 0.05
Acp(B® » K*(892)*7~) = —0.27 + 0.04
Acp(B® = (Km)5tn=) = 0.02 £ 0.04
Acp(BY — K3(1430)T77) = —0.29 + 0.24
Acp(B® — K*(1680)t n~) = —0.07 + 0.14
Acp(B® — £(980)K2) = 0.28 + 0.31
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Acp(B® = (Km)gd7%) = —0.15 £ 0.11
Acp(B® — K*070) = —0.15 + 0.13
Acp(B® — K*(892)°7T77) = 0.07 + 0.05
Acp(B® — K*(892)°p0) = —0.06 + 0.09
Acp(B® — K*0£(980)) = 0.07 + 0.10
Acp(B® — K*tp~) =021+ 0.15
Acp(B® — K*(892)° KT K~) = 0.01 + 0.05
Acp(BY — ay K*) = —-0.16 £ 0.12
Acp(B® = KOK®) = —0.6 £ 0.7

Acp(BY — K*(892)%¢) = 0.00 + 0.04
Acp(B® — K*(892)°K~7t) = 0.2+ 0.4
Acp(BY = ¢(Km)3?) = 0.12 +0.08
Acp(BY — ¢K3(1430)%) = —0.11 £ 0.10
Acp(B® — K*(892)%4) = —0.006 + 0.011
Acp(BY — K35(1430)°4) = —0.08 £ 0.15
Acp(B® = Xsv) = —0.009 + 0.018
Acp(B® = pt7n7) =013 +0.06 (S=1.1)
Acp(B® = p~at) = —0.08 £ 0.08
Acp(B® — a1(1260)F7F) = —0.07 + 0.06
Acp(B® = by ) = —0.05 £ 0.10
Acp(B® — ppK*(892)°) = 0.05 £ 0.12
Acp(B® — pAnT) =0.04 + 0.07

Acp(B® — K*0¢tp=)y = —0.05 4 0.10
Acp(B® — K®0ete™) = —-021+0.19
Acp(B® — K*0put =) = —0.034 + 0.024

Cpi-p+ (BY = D*(2010)~D*) = —0.01 £ 0.11

Sps-p+ (B® = D*(2010)~ D*) = —0.72 £ 0.15

Cpet p- (BY = D*(2010)* D~) = 0.00 £ 0.13 (S = 1.3)
Spw p- (B® = D*(2010)+D~) = —0.73 £ 0.14

Cprt pi— (BY = D*FD*7) =0.01+£0.09 (S = 16)
Sprtpe— (BY = D*tD*") = 059 £ 0.14 (S =1.8)
C, (B = D**D*7)=10.00+0.10 (S=16)

S, (B —» D**D*~) = —0.73 + 0.09

C_ (B - D**D*7) =0.19+ 031

S_ (B = D**D*")=01+16 (S=23.5)

C(B® — D*(2010)* D*(2010)~ K%) = 0.01 + 0.29

S (BY — D*(2010)* D*(2010)~ K%) = 0.1 + 0.4

Cpip- (B — DtD™)=-022+024 (S=25)
Spip- (B = D¥D™) = —076%31% (S=12)
Chppasymo (B® = J/¢(18)7°) = 0.03 £0.17 (S = 1.5)
Sijpasyn0 (B = J/w(18)7%) = —0.88 £ 0.32 (S =22)
(B — J/9(15)p%) = —0.06 + 0.06

S(B® —» J/¥(15)p°) = —0.667 518

Cp) o (B = DU)LHO) = —0.02 +0.08
cpP

St 0 (B° = DEL M) = —0.66 + 0.12

Croq0 (B = KO7%) =0.00+0.13 (S=14)
Skoq0 (BY = KO7%) =058 + 0.17

C,y(958) KO (BY — 1/(958)K%) = —0.04 £ 020 (S =2.5)
S
S (958) KO (BY — n'(958)K%) = 0.43 £ 0.17 (S =15)

S
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Cyio (B® = n'K®) = —0.06 + 0.04
S,,Ko (B - 7/K®) =0.63 £ 0.06
(BO - wk%)=00+04 (S=3.0)
wKO (BY — ng) =0.70 + 0.21
C(BOH K37%70) = —0.21 £ 0.20
S(8° - KO 0) =0.89+037
Coko (BY = pOKZ) = —0.04 £ 0.20
S
Spxy (BY = k) =0.5078Y]
Ce ko (BY — £,(980)K2) = 0.29 £ 0.20
S
o —
sfoK.,S (B® - £5(980)K%) = —0.50 + 0.16
S ko (B® = £(1270)KY) = 05 £ 0.5
20s
szKo (B® - £(1270)K2) = 0.3 + 0.4
S
S BY — £,(1300)K%) = —0.2 £ 05
X
Cp o (B® = £,(1300)K2) = 0.13 £ 0.35
x5

Sko 4 - (BY = KOzt 7~ nonresonant) = —0.01 + 0.33
Cyot - (B® = KO7T 7~ nonresonant) = 0.01 + 0.26

Cro kg (B » KIKQ) =00+04 (S=14)
Sk kY (BY - KIk%)=-08+05
CK+ K- KS (B® — KT K~ K% nonresonant) = 0.06 + 0.08

SK+K_K05 (B® -+ K* K~ K% nonresonant) = —0.66 + 0.11
Chot - kY (B® —» K+ K~ K% inclusive) = 0.01 + 0.09
sK+K-K°5 (B = K+ K~ KY inclusive) = —0.65 + 0.12
Coxg (BY = 0K§) =0.01+014

Sexg (B — $K$) =0.59 4 0.14

Cie ks ks (B® = KsKsKs) = —0.23 + 0.14

Sk ks k(B = KsKsKs) = —05£06 (S=30)
CKosﬁow(B0 — K%707) =0.36 £ 0.33

S (B® - K%7n04) = —0.8+ 06

Kgﬂ'o’y
CKOS“WW(BO — Klrtn=y)=-0.39+0.20
SKgﬂﬂ,v(BO - Kyntam9) =014 £ 025

Cyrory (B = K*(892)%y) = —0.04 £0.16 (S =1.2)
Sk, (B® = K*(892)%4) = —0.15 + 0.22
Cykoy (B = nK%7) =01+04 (S=14)
Syko (B = nK%y) = 05+ 05 (S=12)
CKOM (B - KO¢v) =—-03=+0.6

Sko g (BY = KO¢7) =071]]

C(BY —» K%pPv) = —0.05 = 0.19
S(BY — K%p0y) = —0.04 +£0.23

C(BY— p04)=04+05
S(BY = p0y) =—-084+07

Crr (BY = at7™) = —0.32 4+ 0.04
Sen (B® & wt7w™) = —0.65 +0.04
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Co,0(BY = 7070 =—-033 022
Cor (B — ptr™) =—-0.03+£007 (S=1.2)
Spr (B® = pFa~) =0.05+0.07
ACy; (B® = ptar™) =0.27 £ 0.06
AS,: (B — pTm~) =0.01+0.08
C o0 (B = p%7%) =0.27 + 0.24
5,070 (B = p97%) = —0.23 £ 0.34
Cayn (B = a1(1260)F =) = —0.05 + 0.11
Sayn (B = a1(1260)*77) = —02 4+ 04 (S=32)
ACy x (B® » 2(1260)*7~) =043 £0.14 (S =13)
ASy (B — a(1260)T77) = —0.11 4 0.12
C(B®— by K*)=-0224024
AC(BY - bywt)=-1.04+024
Co0 (B = p%p%) =0240.9
5,0,0 (B = p0p%) =03+07
C,p (B® — ptp™) =0.00 =+ 0.09
Spp (BY = ptp7) =—-014+013
[A] (BY — J/¢pK*(892)%) < 0.25, CL = 95%
cos 28 (BY — J/yK*(892)%) = 1.7+37 (S =16)
cos 28 (B — [Kintn™ 5 h0) =0.91 +£0.25
(Sy +S.)/2(B® — D* %) = —0.039 + 0.011
(S_ —S4)/2 (B — D* %) = —0.009 + 0.015
(Sy +5S_)/2(B° — D~ mt) = —0.046 + 0.023
(S —S4)/2(BY = D~ at) = —0.022 + 0.021
S, (B » D~nt) =0.058 + 0.023
S_ (B — D*Tn™) =0.038 + 0.021
(Sy +5S_)/2(B° = D~ pt) = —0.024 + 0.032
(S— —S4)/2(B® — D~ pt) = —0.10 + 0.06
CmK% (B® — ncKY%) =0.08 +0.13
0 0y —
SncK"s (B = ncK%) =093 +0.17
Coeptop (B® = ccKM0) = (0.5 +1.7) x 1072
sin(28) = 0.695 + 0.019
C/p(ns) KO (BY = J/9(nS)KO) = (0.5 + 2.0) x 1072
S1/pmsyko (B® = J/¥(nS)KP®) = 0.701 + 0.017
Chppieo (BY = J/PK*0) = 0.03 £ 0.10
S1/p K (B = J/yYK*0) =0.60 £ 0.25
— 0.5
Creok? (B® = xcoK2) =-03173
0 0y —
S (B — xcoK%) =-07+05
(B = xc1K2) = 0.06 + 0.07

CXcl Kg

0 0y
sdeg (B = xc1K%) =0.63+0.10
Sin(287) (BY — ¢K%) = 0.22 + 0.30
Sin(2Befr) (B — ¢ K5(1430)°) = 0.97 7523
sin(2Be)(B° = KtK—KY) = 0771313
Sin(2Befr) (B — [K2at 7] %) =0.80 £ 0.16
Berf (B — [KE 7t a1 h0) = (22 £ 5)°
2Bei (B — J/p0) = (42F19)°
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|A| (B = [K¥xtx=],0 h°) =1.01 £ 0.08
|sin(28 + 7)| > 0.40, CL = 90%
284~ = (83 +60)°

a= (84“31'2%')O

x4 (B® — DK*0) =0.04 +0.17

x_(B® - DK*) = —-0.16 + 0.14

y.(B® - DK*0) = —0.68 + 0.22

y_(BY — DK*0) =020+ 025 (S=1.2)
rgo(B® - DK*%) =0.220+3033

0g0(B% = DK*0) = (194+39)°

BO modes are charge conjugates of the modes below. Reactions indicate the
weak decay vertex and do not include mixing. Modes which do not identify the
charge state of the B are listed in the Bi/B0 ADMIXTURE section.

The branching fractions listed below assume 50% BOBO and 50% Bt B~
production at the 7°(4S). We have attempted to bring older measurements up
to date by rescaling their assumed 7°(4S) production ratio to 50:50 and their
assumed D, Dg, D*, and + branching ratios to current values whenever this
would affect our averages and best limits significantly.

Indentation is used to indicate a subchannel of a previous reaction. All resonant
subchannels have been corrected for resonance branching fractions to the final
state so the sum of the subchannel branching fractions can exceed that of the
final state.

For inclusive branching fractions, e.g., B — DE X, the values usually are
multiplicities, not branching fractions. They can be greater than one.

Scale factor/ p
B® DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
1ty X [ ( 10.33+ 0.28) % -
et ve Xc (101 + 04)% -

Dty X (94 +09)% -

D~ (T, [m ( 231+ 0.10) % 2309

D= rtu, ( 1.08+ 0.23) % 1909

D*(2010)~ ¢+ v, [ ( 5.05+ 0.14) % 2257

D*(2010)" 7 v, ( 157+ 0.09) % S=1.1 1838

DO7n~ 0ty ( 41 + 05)x1073 2308
D(’;(E300)*£+ug, Dy — ( 30 £ 12)x1073 5=1.8 -

D%r—
D’Q‘(E%O)*ﬁug, D} — ( 121+ 0.33) x 1073 S=1.8 2065

_ DYr—

D nrtty(n > 1) (23 +05)% -
DOty ( 58 + 08 )x1073 S=14 2256
D;(2420)" ¢*vy, Dy — ( 280+ 0.28) x 1073 -

D*0r—
D} (2430)~ (T vy, DT — ( 31 4 09)x1073 -
D*0r—
D3(2460) ¢t vy, D3 — (68 + 12)x1074 2065
D*0r—
D= atn=tty, ( 13 £ 05)x1073 2299
D*ntr—tty, ( 14 £ 05)x1073 2247
P an?) [ ( 2.94+ 0.21) x 1074 2583
Yy, [ ( 1.50+ 0.06) x 10~4 2638

artu, < 25 x 1074 CL=90% 2339



96 Meson Summary Table

Inclusive modes

KEX (78 =+
DOX (81 +
D% X (474 +
Dt X < 39
D= X (369 +
D¥x (103 *
D;X < 26
AT X < 31
Al X ( 507
ctX (95 +
cX (246 +
c/cX (119 =+
D, D*, or Dg modes
D~ rt ( 252+
D~ pt (76 +
~KOxt ( 49 +
D~ K*(892)* ( 45 +
D w7_:'_+ ( 28+
D™ K ( 1.86+
D~ Ktztn ( 35+
D~ KtKO < 31
D~ Kt K*(892)° ( 88 +
DOt o~ ( 88 %
D;(2010)*7r+ ( 274+
DK+ K~ ( 59 +
D= rtatn— ( 6.0 =+
(D~ 7t 7 77 ) nonresonant ( 39 +
D=7t p0 (11 +
D~ a;(1260)™ ( 6.0 =
D*(2010)~ 7t #0 (15 +
D*(2010)~ pt ( 68 +
D*(2010)~ K+ ( 212+
D*(2010)~ KOx+ ( 30+
D*(2010)~ K*(892)* (33
D*(2010)~ Kt K < 47
D*(2010)~ Kt K*(892)° 1.29+
D*(2010) "7t 7w~ ( 721+
(D*(2010)~ 7+ 7 7~) nonres- (00 +
onant
D*(2010)~ 7t p0 ( 57+
D*(2010)™ a1 (1260)* ( 130+
D1(2420)° 7~ 7*, DY — ( 147+
D*~mt
D*(2010)" Kt m—at ( 47 £
D*(2010)~ 7t 7t = 70 ( 176+
D*~3nxt2n~ (47 +
D*(2010)~ w7 ™ ( 246+
D;(2430)°w, DY — D*~ 7+ (27t
D*~ p(1450)*, pt — wat ( 107t
D;(2420)°w, DY — D*~xt (70 £

D3(2460)°w, DY — D*~x™ ( 40 %

8 )%
15)%
2.8 )%

% CL=90%
33)%
T )%

% CL=90%

% CL=90%
T3 )%
5 )%
3.1 )%
6 )%

0.13) x 10—3
12 ) x 1073
0.9 )x10~4
0.7 )x 1074
0.6 )x 103
0.20) x 10~4
0.8 )x10~4
x 104
19 )x 1074
0.5 )x 1074
0.13) x 10—3
0.5 ) x 1073
07 )x103
1.9 )x 1073
1.0 ) x 1073
33)x103
05)%
0.9 )x10~3
0.15) x 10~4
0.8 )x 1074
0.6 )x 1074
x 1074
0.33) x 1073
0.29) x 1073
25 )x 1073

CL=90%

S=1.1

CL=90%

32 )x 1073
0.27) %
0.35) x 10~4

0.4 )x10~4
0.27) %

0.9 )x10—3
0.18) x 10—3

98 yx 104

g4 <10
22 )x1073

1.4 )x107°

2306
2235
2259
2211
2204
2279
2236
2188
2070
2301
2255
2191
2287
2287
2206
2121
2248
2180
2226
2205
2155
2131
2007
2235
2235

2150
2061

2181
2218
2195
2148

1992

1995
1975
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D*~ by (1235)*, bf — wrt < 7 x 1075 CL=90% -
D~ gt ( 1.9 + 09 )x1073 -
Dy (2420)~n*, Dy — ( 9971 2%)x10°5 -
D~ rtn~
D;(2420)~=*, DI — < 33 x 1075 CL=90% -
_ D atga—
D3(2460)~ 7 t, (D3)” — ( 238+ 0.16) x 10~4 2062
DO7~
Dy (2400)~ 7+, (DG~ — (76 + 08)x107° 2090
DOn—
D2(2460) nt, (D)~ — < 24 x 1073 CL=90% -
_ Db
D’2‘(2460)* p+ < 49 x 1073 CL=90% 1974
popo (14 +07)x1075 1868
D*0DO < 29 x 1074 CL=90% 1794
D~ Dt ( 211+ o. 18) x 104 1864
D* D*F (CP-averaged) ( 61+ 06)x104 -
D= D¥ (72 + 08)x1073 1812
D*(2010)~ D} ( 80 + 1.1)x1073 1735
D= DIt (74 + 16)x1073 1732
D*(2010)~ DiF ( 177+ 0. 14) % 1649
Dso(2317)~ KT, Dy — DJ a° ( 42 + 14 )x1075 2097
Dso(2317)~at, Dy — D, n° < 25 x107%  CL=90% 2128
Dy ;(2457)" K+, D, — Dgn° < 94 x 1076 CL=90% -
Dy(2457)"«t, Dy —> D 70 < 40 x 1076 CL=90% -
D; DY < 36 x1075  CL=90% 1759
D~ D < 13 x 1074  CL=90% 1674
D~ DIt < 24 x10~4  CL=90% 1583
D% (2317)* D=, Dif — D x® ( 106+ 0.16) x 10-3 S=1.1 1602
Dso(2317)* D~, DY — DIty < 95 x 1074 CL=90% -
Dso(2317)* D*(2010)~, Dl — ( 15 + 06 )x10-3 1509
DT =0
S
D, ;(2457)t D~ ( 35+ 1.1)x1073 -
Dy;(2457)* D=, DY, —» Diy ( 65t 1T )x104 -
Dy;(2457)* D=, DY, — Dity < 60 x 1074 CL=90% -
Dyy(2457)* D=, Df, — < 20 x 1074 CL=90% -
D'; T~
Dyy(2457)* D=, Df, — D} =0 < 36 x10~4  CL=90% -
D*(2010)~ Dy 5(2457)* (93 +22)x1073 -
D, ;(2457)* D*(2010), D}, — (237 99)x10°3 -
D;"'y
D~ Ds1(2536), DS — ( 28 +07)x1074 1444
DKt 4 D*t KO
D~ Ds;(2536)", Df — (17 +06)x1074 1444
D*0 K+
D~ Ds1(2536)", Df — ( 26+ 11)x1074 1444
D*t+ KO
D*(2010)~ Dy (2536)", D, — ( 50 + 14 )x1074 1336
DOK* + D*t KO
D*(2010)~ Dg;(2536) T, ( 33+ 11)x107% 1336
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D*~ D1 (2536)*, D& —
D*+ KO

D~ Dysy(2573)*, DI, —
DOK*

D*(2010)~ Dy (2573)*, Df; —
DOK*

D~ Dy ;(2700)*, Df; —
DOK*

Dtn—

D;ﬁrf

D’5‘+7T’

D:p’

D;’/i’

Di+207

Di a, -

Di+al(1260) )

D 21 (1260)

D, K*(892)*
D}~ K*(892)"
Dyt KO

Dy mt KO

Dg Ktata—
D =t K*(892)°

- 0
Qg 7;+ K*(892)

DK
B(LK'*' T

DO K*(892)°

DY K*(1410)°

DO K;(1430)°

DP K3(1430)°

D§(2300)~ K+, Dy~ —

DOr—
D3(2460)~ K+, D3~ —
DOr—

D3(2760)~ K+, D} —

. DOr—

DY K+ 7~ nonresonant
[KTK~]p K*(892)°
[7T 77 1p K*(892)°
[T~ 7t ]pK*O
DOx0
50 pO
o
D°%

D’y
£207f
DYw
D%
DK+ 7~

A

AN AN AN ANA

—~ o~ o~~~

A~~~ o~~~ o~~~

50 +

3.4 &

7.1 =

74 +
216+
21 +
2.4
41 +
1.9
36
2.1
17
1.9
2.0
27 +
219+
35 +
32t
9.7 +
1.10
17 +
3.0
16
52 +
8.8 +

45 +
6.7

21 +
19 £

2.03%
1.0

3.7

4.2 &
6.0 +
4.6 +
2,63+
321+
156+
2.36%
1.38+
2.54+
2.3

53 +

17 )x 1074
1.8 )x 1075

x10~4  CL=90%

12 )x 1074

1.3 )x10~7
0.26) x 1073
0.4 )x1073
x 107
13 )x107°
x 107
x 1075
x 1073
x 1073
x 104
x 104
0.5 )x 1073
0.30) x 1073
1.0 ) x107°

12 )x105

1.4 )x 1073
x10~4
0.5 )x10~4
x 1073
x 1073
07 )x 1073
1.7 )x107°
0.6 )x 1073
x 1075
7 )x107®
0.9 )x 1073
0.9 )x 1073

S=1.4
CL=90%

CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%

S=2.7

CL=90%

CL=90%
CL=90%

CL=90%

0.35) x 1073

x107%  CL=90%

x 1072
0.7 )x 1073
11 )x107°
0.9 )x 1073
0.14) x 10~4
0.21) x 1074
0.21) x 1074
0.32) x 1074
0.16) x 10~4
0.16) x 10~4

x 1076
3.2 )x 1076

CL=90%

S=2.5
S=1.3

CL=95%

1336

1414

1304

2306
2270
2215
2197
2138

2080
2015

2242
2185
2172

2112

2222
2164
2198
2138
2076
2280
2261
2213
2062
2058
2057

2029
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DO K*(892)° (2271 93)x10°6 213
D0 < 25 x107%  CL=90% 2258
D*(2007)0 0 (22 +06)x1074 S=2.6 2256
D*(2007)0 p0 < 51 x10~4  CL=90% 2182
D*(2007) (23 +06)x1074 $=2.8 2220
D*(2007)% ¢/ ( 140+ 022) x 104 2141
D*(2007)0 7wt 7~ ( 62+ 22)x1074 2249
D*(2007)0 KO ( 36 £12)x10°5 2227
D*(2007)° K*(892)° < 69 x1075  CL=90% 2157
D*(2007)° K*(892)° < 40 x1075  CL=90% 2157
D*(2007)% 7t 7t ( 27 £05)x10-3 2219
D*(2010)* D*(2010)~ ( 80 + 06 )x1074 1711
D*(2007)%w ( 36+ 1.1)x107% S=3.1 2180
D*(2010)* D~ ( 61+ 15)x10~% S=1.6 1790
D*(2007)0 D*(2007)° < 9 x1075  CL=90% 1715
D~ DKt ( 1.07+ 0.11) x 10~3 1574
D~ D*(2007)° K+ ( 35+ 04)x1073 1478
D*(2010)~ DO K+ ( 247+ 021) x 1073 1479
D*(2010)~ D*(2007)° K+ ( 1.06% 0.09) % 1366
D~ Dt KO (75 % 1.7)x1074 1568
D*(2010)~ Dt KO + ( 64 £ 05)x10-3 1473
D~ D*(2010)+ KO
D*(2010)~ D*(2010)* K© ( 81 +07)x103 1360
D*~ Ds1(2536)*, D} — ( 80 24 )x1074 1336
_ D*+ KO
D DO KO (27 + 1.1)x10~% 1574
DO D*(2007)0 KO + ( 11+ 05)x1073 1478
D*(2007)° DO KO
D*(2007)° D*(2007)° K° ( 24 +09)x1073 1365
(D+D*)(D+D*)K ( 3.68+ 0.26) % -
Charmonium modes
ne KO ( 80 £ 1.1)x1074 1751
ne(1S)K*Tn ( 60 + 07)x1074 1722
nc(1S)K+ 7~ (NR) ( 62+ 13)x107° -
X(4100)~ K*, X~ — nen™ (20 + 1.0 )x107° -
nc(1S) K*(1410)° (19 + 15)x1074 1395
nc(15) K;5(1430)° (16 + 04 )x1074 1387
nc(15) K5(1430)0 (49 7% 22)x1075 1386
nc(1S) K*(1680)° (3 £4 )x10°5 1166
1c(15) K§5(1950)° ( 44t 23 )x10°5 -
ne K*(892)° ( 5271737 )x1074 S=15 1646
nc(2S)KY, ne — pprta (42t Hyx107 -
nc(2S) K*0 < 39 x10~4  CL=90% 1159
he(1P)KY < 14 x 1075 1401
he(1P) K*0 < 4 x 1074  CL=90% 1253
J/(1S) KO ( 8.68% 0.30) x 10~4 1683
J/p(IS)K 7~ ( 115+ 0.05) x 1073 1652
1/9(15) K*(892)° ( 127+ 0.05) x 1073 1571
J/p(1S)nKY ( 54 + 09 )x1075 1508
J/p(1S)n' K < 25 x107%  CL=90% 1271
J1/9(18) p KO (49 +1.0)x107° $=1.3 1224
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1/1(18)wkKO ( 23 4+ 04 )x1074 1386
Xc1(3872)K°, x¢c1 = J/vw ( 60 +32)x107° 1140
X(3915), X = J/ypw (21 +09)x1075 1102

J/9(1S5) K(1270)° ( 13 + 05)x103 1402

J/9(18) 70 ( 1.66+ 0.10) x 1075 1728

J/w(1S)n ( 1.08+ 0.23) x 1075 S=1.5 1673

J/Y(AS) T~ ( 3.94% 0.17)x 1075 1716
J/¥(1S) T 7~ nonresonant < 12 x107%  CL=90% 1716
J/9(18) f5(500), fy — wm ( 88 7F 121076 -
J/¥(1S) B ( 33 +05)x10° S=15 -
J/9(18) p° ( 255F 018105 1612
J/(15)5(980), fo — wta~ < 11 x107%  CL=90% -
J/9(15)p(1450)°, 00 — 7x (29 7F 38)x10-6 -

J/¥p(1700)°, 0 — 7ta— (20 + 13 )x1076 -

J/9(1S)w ( 18+ 37 )x1w0° 1609

J/P(AS)KT K~ ( 2.50+ 0.35) x 10~© 1534
J/(15) ap(980), ag — (47 +34)x10°7 -

KtK—

J/¥(1S) ¢ < 19 x1077  CL=90% 1520

J/¥(1S) 7 (958) (76 +24)x10° 1546

J/Yp(AS)KOrt 7~ ( 43+ 04)x1074 1611

J/Pp(AS)KOK—nt + cc. < 21 x1075  CL=90% 1467

J/Pp(AS)KOK+ K~ (25 + 07)x107° $=1.8 1249
J/9(1S) K9 g0 ( 54 +30)x1074 1390

J/p(1S)K*(892)F m~ (8 +4 )x1074 1515

J/pQAS) Tt~ ( 142+ 0.12)x 1075 1670
J/¥(1S) f(1285) (84 +21)x10°° 1385

J/Y(1S)K*(892)0 nt ™ (66 +22)x1074 1447

Xc1(3872) KT < 5 x10~%  CL=90% -

Xc1(3872) " KT, xc1(3872)~ — [mr] < 42 x1076  CL=90% -
J/9(18)x~ 70

Xc1(3872) KO, x4 — ( 43 £ 13)x10° 1140
J/prta~

Xc1(3872) KO, x¢c1 — J/y < 24 x1076  CL=90% 1140

xc1(3872) K*(892)0, x¢1 — < 28 x 1076 CL=90% 940
Iy

xc1(3872) KO, x4 — ¥(2S)y < 662 x1076  CL=90% 1140

Xc1(3872) K*(892)°, x¢e1 — < 44 x 1076 CL=90% 940
¥(25)y _

Xc1(3872) KO, x¢1 — DODO70 (17 +08)x1074 1140

xc1(3872) KO, o — D*ODO (12 + 04 )x1074 1140

Xc1(3872) Kt 7, X1 — (79 £ 1.4 )x107° -
J/prta~
xc1(3872) K*(892)°, o1 — ( 40 £ 15)x10° -

J/prta~

xc1(3872)v, xc1 — J/pmta < 51 x 107 CL=90% -

Z (4430)* KT, ZE ( 60+ 39)x10°5 583
w(QS)Wi

Zc(4430)E KT, ZE - Jjyr* ( 54t 49)x10-6 583

Zc(3900)E KT, ZE - Jjyr* < 9 x 107 -

Z(4200)F KF, Xt = J/pat (227F 33 )x10°8 -
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J/Y(1S)pp
J/Y(1S)y
J/p(15)D°
$(25)7°
$(25) KO
Y(3770) KO, ¢ — D°DO
Y(3770)KO, ¢ — D~ DT
P(2S) 7t
P(2S)Kt
(2S) K*(892)0
Xc0 KO
Xco K*(892)°
Xc1T™
Xc1 KO
Xc1 T K+
Xe1 K*(892)°

X(4051)" K+, X= — xan~
X(4248)" K*, X= — xeam™

Xcim T~ KO

X1~ oKt

Xc2 KO

Xca K*(892)°

Xc2T Kt

Xeamt ™ KO

Xeom TOKT

P(4660) KO, v — ATAC

¥(4260)° KO, 40 — J/ymtw

Ktn—

KO 70

7 KO

7' K*(892)0

7' K§(1430)°

7' K3(1430)°

nK°

nK*(892)°

7K} (1430)0
nK’(1430)°

wkKO

0(980)° K%, aJ — nn°
b(lJ KO, b(l) = wn?
a(980)E KT, aoi — nrt
by K+, by = wm™
By K*0, BY — wr®
be*+, by = wr”
20(1450)* KT, a(j): — ot
KgXO(Familon)
wk*(892)0

w(KW)B‘O

wK}(1430)°
wK3(1430)°

K or K* mo

—

AN A

—

AN AN ANA

_~ o~~~

45 + 06 )x 107
15 x 106
13 x 1075
1174+ 0.19) x 1075
58 + 05 )x 104
1.23 x 10~4
1.88 x 1074
221+ 0. 35) x 1075
58 + 0.4 )x104
59 + 0.4 )x 1074

+ 0.24 6
it g2 x 10

17 + 04 )x 1074
1.124 0.28) x 1075
3.95+ 0.27) x 1074
497+ 0.30) x 1074
2.38+ 0.19) x 1074

4.0 -
30 T 19 )x1075

CL=90%
CL=90%

CL=90%
CL=90%

40 7200 ) x10-5
32 4+ 05 )x1074
35 + 0.6 )x 104
15 x 1072
49 + 12 )x 107>
72 4+ 1.0 ) x107°
1.70 x 1074
7.4 x 1072
23 x 1074

1.7 x 1075

CL=90%
S=1.1

CL=90%
CL=90%
CL=90%
CL=90%

des

1.96+
9.9 +
6.6 +
28 +
6.3 +
137+

x 1076
x 1073
x 1076
x 1076
0.32) x 1075

430« 10

1.59+ 0.10) x 1072
1.10+ 0. 22) x 1075
9.6 + 2.1 )x 1076

4)

0. 05) x 1075
5)
4)
6)
6)

123t

48 + x 1076
7.8 x 1076
7.8 x 1076
1.9 x 1076
74 + 14 )x10°
8.0 x 1076
5.0 x 106
3.1 x 1076
53 x 1075
20 + 05 )x10°
1.84+ 025) x 1075

)

)

CL=90%
CL=90%
CL=90%

CL=90%
CL=90%
CL=90%
CL=90%

1.60+ 0.34) x 1075
1.01+ 0.23) x 102

862
1732

877
1348
1283
1217
1217
1331
1239
1116

1477

1342
1468
1411
1371
1265

1318
1321
1379
1228
1338
1282
1286

2503

2380
2380
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w Kt 7~ nonresonant
Kta—x0
Ktp~
K+ p(1450)~
K+ p(1700)~
(K* 7~ %) nonresonant
(K7r)3+71'7, (Kﬂ')3+ —
K+ 70
(Kﬂ')aoﬂ'o, (Kﬂ)so — Ktzn~
K35(1430)° 70
K*(1680)% 70
K;O‘ITO
KOrt o~
KO7+ 7~ nonresonant
I(OpO
K*(892) T 7~
K§(1430) 7~
K)*(+ T
K*(1410)t7—, K*t —
07r+
(Kﬂ')3+71'7, (Kﬂ')é"’ — KOzt
f(980) KO, fy — 7z~
KO 1£,(500)
KO £5(1500)
£,(1270) K°
f(1300) KO,fy, — 77~
K*(892)0 70
K35(1430)t 7~
K*(1680)t 7~
Kta—atn—
POKt
H(980)K*T7n~, fy —» 7w
K+ 7~ 7t 7~ nonresonant
K*(892)0nt 7~
K*(892)0 0
K*(892)°£,(980), fo — =7
K1 (1270)t 7~
K1(1400) T 7~
a;(1260)~ K+
K*(892)t p~
K§(1430)F p—
K1(1400)° p0
K3(1430)0 p0
K5(1430)°£(980), fo — 77
K3(1430)°£(980), fy — nm
Kt K=
KOKO
KoK=t
K*(892)* KF
7(*0[(0 + P(*O}(O
Kt K= 70

A~~~ e~~~

[vwv] <

~ e~~~ o~ —~

51 +
3.78%
7.0 +
2.4

2.8
3.4

[=2)
W H

8.6 +
4.0

75

6.1 +
497+
1301
34 +
75
33
5.1
3.8

HoH

1.62+
8.1
1.6
1.3
2.7
1.8
3.3
3.65+
141+

23
2.8 &

HoH oI+ W+

I+

1.4

2.1
55
3.9

TR

3.9

3.0

2.7

16 £
1.03£
2.8 &
3.0
2.7
2.7
8.6
7.8 =
121+
6.7 &

HOH

9.6
22 +

1.0 ) x 10
0.32) x 1073
0.9 )x 1076
12 )x 10
7 yx1077
0.6 )x 1076
0.5 ) x 107>

1.7 )x 1076
x 106
x 1070
16 )x 10~
0.18) x 1073

435 <0

11 )x1076
04 )x1076
07 )x 1073
16 )x 10

x 1076

0.13) x 10~5
0.8 )x10~6

22 ) x 1077

08 )x1076
13 ) %1076
07 )x1076
0.6 )x 1076
0.34) x 1076
0.10) x 10~3

x 104
0.7 )x10~©

82 )x1076

x 106
05 )x 1073
13 )x 10

21y x 1076

x 1075
x 1072
0.4 )x 1073
0.26) x 10~
1.2 ) x 1073
x 1073
0.6 )x 1073
0.9 ) x10~®
2.0 )x 1076
15 )x 108
0.16) x 10~©
0.5 )x10~6
x 107
x 1077
0.6 )x 1076

CL=90%
CL=90%

S=1.6
$=2.3

$=2.0

CL=90%

CL=90%

CL=90%

S=1.9
S=3.9

CL=90%
CL=90%

CL=90%

CL=90%
CL=90%

2542
2609
2559

2609

2445
2358

2609
2609

2558
2563

2522

2397
2459

2563
2445
2358
2600
2543

2506

2600
2557
2504

2466

2489
2451
2471
2504

2388
2381

2593
2593
2578
2540

2579
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KL KO < 9 x10~7  CL=90% 2578
K%K%n < 10 x1076  CL=90% 2515
KKy < 20 x 1076 CL=00% 2453
KOK+ K= ( 268+ 0.11) x 10> 2522
K% ( 73 + 0.7 )x1076 2516
f(980)KY, fy — K+ K~ ( 70+ 33 )x10°6 -
f,(1500) KO (13730 )x1075 2397
£1,(1525)0 KO (3 £35 )xw7 -
fH(1710) KO, fy - KT K~ ( 44 £ 09)x10°6 -
K9 K+ K~ nonresonant ( 33 +10)x10° 2522
K K kY ( 60 + 05 )x1076 s=11 2521
©(980)K°, fy = KIKY ( 27 +18)x1076 -
(17100 KO, f - KIKY ( 50 F 59 )x10-7 -
£(2010)K?, £ — KL KY (5 +6 )x10~7 -
K% K% KS nonresonant ( 1.33%+ 0.31) x 1075 2521
KL KLKY < 16 x1075  CL=90% 2521
K*(892)° K+ K~ ( 275+ 0.26) x 1075 2467
K*(892)0 ¢ ( 1.00+ 0.05) x 107 2460
K+ K~ 7+ 7~ nonresonant < 717 x 1073 CL=90% 2559
K*(892)0 K~ nt ( 45 £ 13)x1076 2524
K*(892)0 K*(892)° ( 83 £ 24)x10°7 S=15 2485
K+ K+ 7~ 7~ nonresonant < 6.0 x 1076 CL=90% 2559
K*(892)° Kt 7~ < 22 x 1076 CL=00% 2524
K*(892)0 K*(892)° < 2 x1077  CL=90% 2485
K*(892)T K*(892)~ < 20 x1076  CL=90% 2485
K1(1400)° ¢ < 50 x 1073 CL=90% 2339
B (Km)g0 ( 43 £ 04 )x1076 -
(Km)0 (L60<my, <2.15) [xxx] < L7 x 1076 CL=90% -
Ky(1430)0 Kt < 318 x1075  CL=90% 2403
K§(1430)0K*(892)° < 33 x 1076  CL=90% 2360
K(1430)° K3 (1430)° < 84 x 1076  CL=90% 2222
K$(1430)%¢ ( 39 + 08 )x1076 2333
K3(1430)° K*(892)° < 17 x 1076 CL=90% 2360
K(1430)% K(1430)° < 47 x1076  CL=00% 2222
K*(1680)° ¢ < 35 x 1076 CL=90% 2238
K*(1780)% ¢ < 27 x 1076 CL=90% -
K*(2045)% ¢ < 153 x 1075 CL=90% -
K3(1430)0 o0 < 11 x 1073 CL=90% 2381
K§(1430)°¢ ( 68 + 09)x10° S=1.2 2332
K% ¢ ( 45 + 0.9 )x10~° 2305
o' KO < 31 x1075  CL=90% 2337
nKOy ( 76 + 1.8 )x1076 2587
7 KOy < 64 x 1076 CL=00% 2528
K% ¢~ ( 27 + 0.7 )x10°6 2516
Ktn=y ( 46 + 1.4 )x10°6 2615
K*(892)0~ ( 418+ 0.25) x 1075 $=2.1 2565
K*(1410)~ < 13 x 1074 CL=90% 2451
K+ 7=~ nonresonant < 26 x 1076 CL=90% 2615
K*(892)°X(214), X — utpu™ Dwl< 226 x 1078 CL=90% -
KOnt o=y ( 1.99% 0.18) x 1075 2609

T . E x 10T
K+ 0y 41 £ 04 )x10°5 2609
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K1(1270)0
K1(1400)
K3(1430)%
K*(1680)0
K3(1780)0
K3 (2045)0

(
<
<
<

5.8 x 1075
1.2 x 1075
1.24+ 0.24) x 107
2.0 x 1073
8.3 x 1075
43 x 1073

Light unflavored meson modes

okl

0

X(214), X — ptp~

wy
oy

7T+7T

7TO 7r0
nm®
nm

Uk

0

n: n
n'n

/

0

n'p
7' £(980), fy — 7t~
np°

nf(980), fy — wta~

wn

wn'

0

wp
wfy(980), fy — 7w~
ww
o0
on
o

ort o~

¢p°
6(980), fy — 7t~

dw

a0
a0

atr—x

at

(980)E 7, aoi — nrt
(1450)* 7 ¥, aFf — nrt
0
2070
pT ot
o ata~
p°7r+7r’
P00
f(980)nt 7=, fy — wta™
p01(980), fy — nta~
£(980) £(980), fo — wta,
fy » nta~

£(980)£(980), fy — =+,

at

fy = KtK-
a1 (1260)F 7t
2,(1320)F o+
7 7070

( 86 + 15)x107

[yyy] <
(

<

(

/\z-\

—

ANNNNANNANNA

A

AN NANNANNANAN s

—

[bo]  (

[bb]  (
[bb] <

1.73
4.4

1.0
5.12
1.59
4.1
1.0
1.2
1.7
1.2
1.3
9
15
4

9.4

1.0

1.6
15
1.2
1.5
5

5
1.8
3.3
3.8
7
2.7
3.1
23
7.2
2.0
2.30
1.12
8.8
9.6
3.0
7.8
1.9

23

2.6

6.3
3.1

+
+
+
+

+

I+

I+

+
+

+

+

+

x 108

18y x10-7
x10~7
0.19) x 1076
0.26) x 10~©
1.7 )yx 107
x10~6

0.6 )x 1076
x 1076

x 10~6

x 10—6

x 1077
x10~6
x10~7
53077
64 ) %1078
x 1076
x 10—6
0.4 )x10~©
x10~7
x10~7
x10~7

05 ) x 1077
x10~7
x10~7
x10~7

x 108

x 10—6

x 1076

x 10~4

0.5 )x10~©
0.23) x 1073
x 1075

x 1076

15 ) x10~7
x 10—6

25 ) x 1077
x10~7

x 107
0.5 ) x 1073

x 1076
x 1073

CL=90%
CL=90%

CL=90%
CL=90%
CL=90%

CL=90%

CL=90%

S=1.4

CL=90%

S=1.7
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%

CL=90%
CL=90%

CL=90%
CL=90%
CL=90%

CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%

CL=90%

CL=90%

CL=90%

CL=90%

CL=90%

S=1.9

CL=90%
CL=90%

2491
2454
2447
2360
2341
2243

2583

2582

2541
2636
2636
2610
2582
2551
2460
2523
2492
2454
2553
2516

2552

2491

2522
2485
2521
2540
2511
2448
2533
2480
2441
2479
2435

2631
2581
2581
2621
2575
2523

2486
2447

2447

2494

2473
2622
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ptp ( 277+
21(1260)0 70 < 11
W < 5
atrta 70 < 9.0
a1(1260)* p~ < 61
a1(1260)0 p° < 24
b ¥, b — wr¥ ( 1.09+
b(l)wo, b(lJ — wn? < 19
bl_p+, bl_ — wr < 14
b‘lJ 0, b(l) - wn? < 34
atatetre—a— o~ < 3.0
a(1260)* a1 (1260)~, a — ( 118+
ot a — o~ nt
atrtata g a0 < 11
Baryon modes
pp ( 125+
pprtw ( 287+
ppKt T~ (63 +
pp KO ( 2.66+
o(1540)*p, 6+ — pKY [zzz] < 5
1(2220)K°, f; — pp < 45
pPK*(892)° ( 1247t
f1(2220) K, f; — pp < 15
pPKT K~ ( 121+
pprO ( 50 =+
pPPPP < 20
pAT™ ( 314+
pzﬂ"y < 65
pX(1385)~ < 26
A(1232)+p + A(1232)7p < 16
AOA < 93
pAK™ < 82
pAD~ (25 +
pAD*~ ( 34+
pX0n— < 38
AA < 32
AAKD ( 48t
AAK*0 (25t
AADO ( 100t
DYsO%+ cec. < 31
AVAD < 15
ATt A~ < 11
Dpp ( 104+
D Ap ( 28 +
D*(2007)° pp (99 %
D*(2010)~ pn (14 %
D~ pprt ( 332+
D*(2010) pp7r ( 47 %
Dopprt (30+0
D pprt (19 =
Ocprt, 6. = D™ p < 9

0.19) x 10~5
x 1073
x10~7
x 1073
x 1075
x 1073

0.15) x 1075
X 1076
x 1076
x 1076
x 10~3

0.31) x 1075

%

0.32) x 1078
0. 19) x 1076
5)x1076

0. 32) x 1076
x 108
x10~7
0.28) 196

x 107
0.32) x 107
1.9 )x10~7

x 107
0.29) x 1076

x 107

x 107

x 106

x 107

x10~7
0.4 )x 1075
0.8 )x107°

x 106

CL=90%
CL=90%
CL=90%
CL=90%
CL=90%

CL=90%
CL=90%

CL=90%
CL=90%

CL=90%

CL=90%
CL=90%

CL=90%

CL=90%

CL=90%
CL=90%

CL=90%
CL=90%

CL=90%
CL=90%

CL=90%
CL=90%
CL=90%

S=1.2

CL=90%

2523
2495
2580
2609
2433
2433

2592
2336

2572

2467
2406
2306
2347
2318
2135

2216

2179
2440
1735
2401
2401
2363

2364
2308
1765
1685
2383
2392

2250

2098

1662

1611
2335
2335
1863
1710
1788
1785
1786
1708
1708
1623
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e.prt, 6, — D* p

f**A—H—

EC_ prta~

Acp

Z; p7r0

5c(2455)" p

Z; p7r+ a0

ZC— p7r+ mataT
AZprta™ (nonresonant)
fc( 520)~ pxt
(25200 p7~
T (2455)0 pr—

X (2455)°N0, NO — prme
3 (2455)" " prt
/\;_p Ktn— .
X (2455) " pKT, X7 —
Z; T
— 0
7/\6 p +K *(§92)
AE pKTK
Ac PO
Ao pbp
AZAKT
A= At
46 AC _
Ac(2593)" / Ac(2625)" p

I||\I|‘|\

I
|
+
3
3

|

[
> > >
o3 3o

o0

>

O +a
>

)

BN
o

Zc(2930)" A, Z0 = AZKO

Lepton Family number (LF) or Lepton number (L) or Baryon number (B)

1.4

( 1.02+
( 154+
( 155+
2.4
5.07
2.74
( 55 %
1.02+
31
1.08+
6.4 &
1.83%
34 %
88 &

—~ o~~~ —~

2.42
( 20+
1.0
2.8
(48 +
1.6
1.1
(12
( 24
( 53
( 40
( 24

HoH R

x 1075
x 104
0.14) x 1073
0.18) x 1073
0.19) x 1074
x 1072
x10~3
x 1073
1.0 )x 1074
0.18) x 10~4
x 1072
0.16) x 10— 4
17 )x107°
0.24) x 10~4
0.7 )x 1073
2.5 ) x 1076

x 1073
0.4 )x1073
x 1075
x 1076
11 ) %1075
x 1075
x 1074
0.8 )x10~3
11)x107°
1.7 )x 1076
0.9 )x 1074
0.6 )x10~4

CL=90%
CL=90%
S=1.3

CL=90%
CL=90%
S=1.3

CL=90%

CL=90%

CL=90%

CL=95%

CL=90%

S=1.8

violating modes, or/and AB = 1 weak neutral current (B1) modes

7y B1
ete BI
ete v BI
whp~ BI
ey BI1
whp BI
SP, S— utp-, Bl [aaaa)
P— ut ;4
Tt B1
w0t BI
nlete BI
70 ;ﬁr no B1
nlt o~ B1
nete~ B1
nut B1
T VU B1
KOt~ B1 [
KOete~ BI

KOut = B1

<
<
<

AN A

ANNNANNNANNANNANNA

3.2
8.3
1.2

(11

1.6
6.9
6.0

|+

2.1
53
8.4
6.9
6.4
1.08
112
9

(3171

(16T

( 339+

x10~7
x 1078
x10~7

) x 1010

o
whs

x10~7
x 10—10
x 10~10

x 1073
x 108
x 1078
x10~8
x10~8
x 10— 7
x10~7
x 1076

8? ) x 107
g yx1077
0.34) x 10~7

CL=90%
CL=90%
CL=90%

S=1.6

CL=90%
CL=95%
CL=95%

CL=95%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%

1839
1934
2021
1982

1883
1821
1934
1860
1860
1895

1895
1786
1754

1647
1588
1567

677
1767
1319

1147
1147

732

2640
2640
2640

2638

2638
2629

1952
2638
2638
2634
2611
2611
2607
2638

2616

2616
2612
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%7 B1 < 26 x1075  CL=90% 2616
Pvo B1 < 40 x1075  CL=90% 2583
K*(892)0 ¢+ ¢~ BI  [m] ( 99 T 12 )x1077 2565

K*(892)% et e~ BI ( 103t 819y <1076 2565

K*(892)0 pt i~ B1 (94 +05)x1077 2560
ata pt s BI ( 21 4 05)x10-8 2626
K*(892)0vw B1 < 18 x107% CL=90% 2565
invisible BI < 24 x 1073 CL=90% -
VoY B1 < 17 X105  CL=90% 2640
ovT B1 < 127 x1074  CL=90% 2541
et T LF  [bb] < 1.0 x 1079 CL=90% 2639
wOet ¥ LF < 14 x10~7  CL=90% 2637
KOe® ¥ LF < 27 x1077  CL=90% 2615
K*(892)0 et i~ LF < 16 x10~7  CL=90% 2563
K*(892)% e~ put LF < 12 x 1077 CL=90% 2563
K*(892)0 e* ¥ LF < 18 x 1077 CL=90% 2563
et 7T LF  [bb] < 2.8 x 1075 CL=90% 2341
T LF  [pb] < 14 x 1075  CL=95% 2339
At LB < 14 x 1076 CL=00% 2143
Nfem LB < 4 x 106 CL=90% 2145

B*/B% ADMIXTURE
CP violation

Acp(B — K*(892)7) = —0.003 £ 0.011

Acp(B — sv) =0.015 + 0.011

Acp(B — (s+d)y) = 0.010 £ 0.031

Acp(B = Xg€T(7) =0.04 £0.11

Acp(B = Xs£t07) (1.0 < ¢ < 6.0 GeV2/c*) = —0.06 + 0.22

Acp(B — Xst07) (10.1 < ¢? < 129 or g% > 14.2 GeV?/c*) =
0.19 4+ 0.18

Acp(B — K*ete™) = —-0.18 + 0.15

Acp(B — K*ptpu~) = -0.03+0.13

Acp(B — K*¢t0™) = —-0.04 +0.07

Acp(B — nanything) = —0.13f3:8§

DAcp(Xs7) = Acp(B* = Xs7) — Acp(B® = Xs7) = 0.041 £

0.023

Acp(B = Xs7) = (Acp(BY = Xs7) + Acp(B® = Xs7))/2 =
0.009 £ 0.012

AAcp(B = K*7) = Acp(BT = K*ty) — Acp(B® = K*0y)
= 0.024 £+ 0.028

Acp(B = K*4) = (Acp(B* = K**q) + Acp(B® —
K*04))/2 = —0.001 + 0.014

The branching fraction measurements are for an admixture of B mesons at the
T(4S). The values quoted assume that B(7(4S) — BB) = 100%.

For inclusive branching fractions, e.g., B — p* anything, the treatment of multiple D’s in the
final state must be defined. One possibility would be to count the number of events with one-
or-more D’s and divide by the total number of B’s. Another possibility would be to count the
total number of D’s and divide by the total number of B’s, which is the definition of average
multiplicity. The two definitions are identical if only one D is allowed in the final state.
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Even though the “one-or-more” definition seems sensible, for practical reasons
inclusive branching fractions are almost always measured using the multiplicity

definition.

For heavy final state particles, authors call their results inclusive

branching fractions while for light particles some authors call their results mul-
tiplicities. In the B sections, we list all results as inclusive branching fractions,
adopting a multiplicity definition. This means that inclusive branching fractions
can exceed 100% and that inclusive partial widths can exceed total widths, just
as inclusive cross sections can exceed total cross section.

B modes are charge conjugates of the modes below. Reactions indicate the
weak decay vertex and do not include mixing.

B DECAY MODES

Fraction (I';/T)

Scale factor/ P
Confidence level (MeV/c)

Semileptonic and leptonic modes

¢t vpanything [Mbbaa] ( 10.86 + 0.16 ) % -
D~ ¢t ypanything [ ( 26 +05 )% -
DO ¢t ypanything m (73 +£15 )% -
Dity, (242 £012)% 2310
D*~ (* ypanything [ccaal ( 67 + 13 )x1073 -
D* (T, [ddaa] ( 495 + 0.11 )% 2257
D**¢ty, [Meeas] ( 27 + 07 )% -
D1(2420) ¢* vyanything ( 38 +£13 )x103 S=2.4 -

D7 (T ypanything + ( 26 £05 )% S=15 -

D* ™t vpanything

D¢t ypanything ( 15 £06 )% -

D* ™t vpanything (19 +04 )% -
D3(2460) ¢* vyanything ( 44 +16 )x1073 -
D*~ nt ¢t vyanything ( 1.00 + 034)% -
Drtr= Ty, ( 162 £ 032 )x103 2301
Drta= ity (94 £32 )x1074 2047
D ¢+ vyanything pn< 7 x1073  CL=90% -
Dy F v KT anything < 5 x1073  CL=90% -

Dy ¢+ vy K%anything i< 7 x1073  CL=90% -
Xy, ( 10.65 + 0.16 ) % -
Xyl v, (213 £ 030 )x103 -
Kt ¢t ypanything m ( 63 +06 )% -
K~ ¢ ypanything pn (10 +4 )x1073 -
KO /KO ¢+ vpanything i (46 +05 )% -
Drtu, (99 +£12 )x10-3 1911
D*rtu, ( 150 + 0.08 )% 1838

D, D*, or Dg modes

D* anything (231 £12 )% -
DO /DO anything ( 615 £29 )% s=1.3 -
D*(2010)* anything ( 225 +£15 )% -
D*(2007)%anything (260 +27 )% -
DE anything bb] ( 83 +08 )% -
Dzianything ( 63 £10 )% -
DD ( 34 +06 )% -
DWDM KO + DD Kbp,raa] (71 * 27 )% -
b— cTs (2 +£4 )% -
D D™ [bb,ffaa] ( 3.9 + 04 )% -
D* D*(2010)* [bb] < 5.9 x1073  CL=90% 1711
D D*(2010)* + D*D* [bb] < 55 x10~3  CL=90% -
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DD* [bb] < 3.1 x1073  CL=90% 1866
DS(*)iB(*)X(HTFi) [bbffaa] ( 9 T i )% -
D*(2010)~y < 11 x 1073 CL=90% 2257
Dir=, Ditn=, Dfp~, [bb] < 4 x10~4  CL=90% -
+ = p+.0 +.0
o T
*
DS+71,0DS +77 Dy .
* *
DS Y, DS w, Ds w
Dq1(2536) T anything < 95 x1073  CL=90% -
Charmonium modes
J/%(1S) anything ( 1.094+ 0.032) % S=1.1 -
J/v(1S) (direct) anything ( 78 + 04 )x1073 s=1.1 -
1 (2S) anything ( 307 + 021 )x1073 -
Xc1(1P)anything ( 355 + 027 )x 1073 s=1.3 -
Xc1(1P) (direct) anything ( 3.08 + 019 )x1073 -
Xc2(1P)anything ( 100 + 1.7 )x1074 S=1.6 -
Xc2(1P) (direct) anything (75 + 11 )x107% -
nc(1S)anything < 9 x1073  CL=90% -
Kxc1(3872), xc1 — ( 12 +04 )x107% 1141
DODO 70
Kxc1(3872), xc1 — ( 80 + 22 )x107> 1141
D*O DO
K X(3940), X — D*0pO < 67 x107%  CL=90% 1084
K X(3915), X — wJ/¢ lggaa] ( 7.1 + 34 )x10°° 1103
K or K* modes
K*anything [bb] ( 789 + 25 )% -
K™ anything (6 +5 )% -
K anything (13 £4 )% -
K9 /K% anything [bb] ( 64 +4 )% -
K*(892)* anything (18 6 )% -
K*(892)° /K*(892)%anything  [bh] ( 146 + 26 )% -
K*(892)y ( 42 +06 )x107> 2565
nK~y ( 85 T 18 )x100 2588
K1(1400)~y < 127 x1074  CL=90% 2454
K3(1430)~ ( 17 F 28 )x105 2447
Kp(1770)y < 12 x1073  CL=90% 2342
K3(1780)~ < 37 x1075  CL=90% 2341
K;(2045)~ < 10 x1073  CL=90% 2243
K1 (958) ( 83 + 11 )x1073 2528
K*(892)7(958) ( 41 +11 )x1076 2472
Kn < 52 x1070  CL=90% 2588
K*(892)n ( 18 +05 )x107> 2534
Koo ( 23 +09 )x107° 2306
b— 3y ( 349 + 019 )x 104 -
b— dy (92 +30 )x107° -
b — Sgluon < 6.8 % CL=90% -
7 anything ( 26 © 05 )x1w04 -
7’ anything ( 42 +09 )x107% -
K™ gluon (charmless) < 187 x1074  CL=90% -
K%gluon (charmless) ( 19 +07 )x10~4 -
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Light unflavored meson modes

Yy ( 139 + 025 )x107© S=1.2 2583
plwy ( 130 £ 023 )x1076 S=1.2 -
7+ anything [bb,hhaa] ( 358 +£7 )% -
70 anything (235 £11 )% -
n anything ( 176 +16 )% -
p% anything (21 £5 )% -
w anything < 81 % CL=90% -
¢ anything ( 343 £012)% -

¢ K*(892) < 22 X107  CL=90% 2460

7t gluon (charmless) ( 37 +08 )x107% -

Baryon modes

AT/ A7 anything ( 36 £04 )% -
/\'C"anything < 1.3 % CL=90% -
A anything < 7 % CL=90% -
Az £ anything < 9 x10~4  CL=90% -

AZ et anything < 18 x 1073  CL=90% -

AZ it anything < - 14 x 1073 CL=90% -
AZ p anything ( 204 +033)% -
AZpet g < 8 x1074  CL=90% 2021
T~ anything ( 33 +£17 )x1073 -
X[ anything < 8 x1073  CL=90% -
TV anything ( 37 £17 )x1073 -
TON(N = porn) < 12 x1073  CL=90% 1938
ZVanything, =0 —» =— 7t (193 £ 030 )x104 S=1.1 -
= b =oatat ( 45 T 13 )x104 -
p/p anything [bb] ( 80 + 04 )% -
p/P (direct) anything [bb] ( 55 +05 )% -
pet v, anything < 59 x1074  CL=90% -
A/ A anything [bb] ( 40 + 05 )% -
== /=" anything [bB] ( 27 + 06 )x1073 -
baryons anything ( 68 £06 )% -
pp anything ( 247 £023)% -
Ap/Ap anything [bb] ( 25 + 04 )% -
AA anything < 5 x1073  CL=90% -

Lepton Family number (LF) violating modes or
AB =1 weak neutral current (B1) modes

sete~ BI ( 67 %17 )x107® $=2.0 -
sptp~ BI ( 43 +£1.0 )x1076 -
stte— BI [m ( 58 + 13 )x107® s=1.8 -
Al BI < 59 x1078  CL=90% 2638

mete BI < 110 x1077  CL=90% 2638

mut o~ BI < 50 x1078  CL=90% 2634
Kete™ BI ( 44 +06 )x1077 2617
K*(892)et e~ BI (119 + 020 )x10°® S=1.2 2565
Kutp~ BI ( 44 +04 )x1077 2612
K*(892) ut ™ BI ( 1.06 + 0.09 )x1076 2560
Kete— BI ( 48 +04 )x1077 2617
K*(892)¢T ¢~ BI ( 1.05 + 010 )x107© 2565
Kvo BI < 16 x107%  CL=90% 2617

K*vo B1 < 2.7 x107%  CL=90% -
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1076 CL=90% 2638

VU B1 < 8 X

1% B1 < 28 x107%  CL=90% 2583
setpF LF  [bb] < 22 %1075 CL=90% -
reT LF < 92 %1078  CL=90% 2637
peE ¥ LF < 32 x 1076 CL=90% 2582
Ke® uF LF < 38 x1078  CL=90% 2616
K*(892) e® LF < 51 x10~7  CL=90% 2563

See Particle Listings for 4 decay modes that have been seen / not seen.

B*/B%/BY/b-baryon ADMIXTURE

These measurements are for an admixture of bottom particles at high

energy (LHC, LEP, Tevatron, SppS).
Mean life 7 = (1.5668 + 0.0028) x 10712 s
Mean life 7 = (1.7240.10)x 10712 s Charged b-hadron admixture
Mean life 7 = (1.58 + 0.14) x 107125 Neutral b-hadron admixture

T charged b—hadron/ T neutral b—hadron = 1.09 £ 0.13
|ATp|/7,5 = —0.001 £ 0.014

The branching fraction measurements are for an admixture of B mesons and
baryons at energies above the 7(4S5). Only the highest energy results (LHC,
LEP, Tevatron, SppS) are used in the branching fraction averages. In the
following, we assume that the production fractions are the same at the LHC,
LEP, and at the Tevatron.

For inclusive branching fractions, e.g., B — Dianything, the values usually
are multiplicities, not branching fractions. They can be greater than one.

The modes below are listed for a b initial state. bmodes are their charge
conjugates. Reactions indicate the weak decay vertex and do not include mixing.

_ Scale factor/ p
b DECAY MODES Fraction (I';/T) Confidence level (MeV/c)

PRODUCTION FRACTIONS

The production fractions for weakly decaying b-hadrons at high energy
have been calculated from the best values of mean lives, mixing parame-
ters, and branching fractions in this edition by the Heavy Flavor Averaging
Group (HFLAV) as described in the note “B0-BO Mixing” in the B
Particle Listings. We no longer provide world averages of the b-hadron
production fractions, where results from LEP, Tevatron and LHC are av-
eraged together; indeed the available data (from CDF and LHCb) shows
that the fractions depend on the kinematics (in particular the p) of the
produced b hadron. Hence we would like to list the fractions in Z de-
cays instead, which are well-defined physics observables. The production
fractions in pp collisions at the Tevatron are also listed at the end of the
section. Values assume

B(b —» BT)=8B({b— BY)

B(b — B%) + B(b—~ BY) +B(b — BY) + B(b — b-baryon) = 100%.
The correlation coefficients between production fractions are also re-
ported: 0

cor(Bg, b-baryon) = 0.064

cor(BY, BT=B0) = —0.633

cor{b-baryon, BY¥=B0) = —0.813.

The notation for production fractions varies in the literature (fy, dBO’ f(b— EO), Br(b —
EO)). We use our own branching fraction notation here, B(b — BO).
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Note these production fractions are b-hadronization fractions, not the con-
ventional branching fractions of b-quark to a B-hadron, which may have
considerable dependence on the initial and final state kinematic and pro-

duction environment.

Bt (408 £ 0.7)%
B (408 + 0.7 )%
B? (100 + 0.8 )%
b-baryon (84 +£11)%

DECAY MODES

Semileptonic and leptonic modes

vanything (231 £15)%
(T ypanything [ (10.69+ 0.22) %
et veanything ( 10.86+ 0.35) %
ut v, anything (1095F 932y 9%

D~ ¢t ypanything i (22 +04)% S=1.9
D~ 't ¢* ypanything (49 £ 19)x103
D~ 7~ £t vpanything ( 26 + 16 )x103

D0f+l/ganythlng [ ( 679+ 0.34) %
D7~ ¢t yyanything ( 1.07+ 027) %

DOxt ¢t ypanything ( 23+ 16 )x1073

D*~ (T ypanything [ ( 2.75+ 0.19) %
D*~ 7~ £t vpanything (6 +£7 )x1074
D*~ x4t ypanything (48 £ 1.0 )x1073

Dj.)é"'y[anything x B(Dj? Piljiiaa] ( 2.6 + 0.9 )x 1073
D**t ™)

Dfﬁu@nything x [Mjiaa] ( 7.0 £ 23 )x 1073
B(D; — D7)

D3(2460)° £+ vy anything < 14 x 1073  CL=90%
x B(D3(2460)° —
D*~ )

D3(2460)~ £+ vyanything x (42 7F 129103
B(D3(2460)~ — DOn~)

D*(2460)°Z+ vpanything x ( 16 + 08 )x103
B(D3(2460)° — D~ x)

charmless (7, (1.7 + 05 )x1073

7t v anything ( 241+ 023)%
D*~ Tv,anything (9 +4 )x103

T — (~ vyanything [ ( 8.02+ 0.19) %

¢ — (T vanything (16T 08)%

_ Charmed meson and baryon modes

DY anything (587 +£28)%

DO D;Eanything o] (91 F 49)%

+ . 2.3

DF D anything [bp] (40 T 33)%

DO DOanything o] ( 51T 20)%

DO D+ anything o] (27 T 18)%

D* DF anything [bb] < 9 x 1073 CL=90%

D~ anything (227 £ 16)%

D*(2010)* anything (173 £ 20)%
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Dl(2420)°anything ( 50 +15)%
D*(2010)F D¥ anything o] (33 F 18w
DO D*(2010)* anything o] (30 T 3iy%
D*(2010)* DF anything o] (25 T 13)%
D*(2010)* D*(2010) T anything  [bb] ( 1.2 £ 0.4 )%
D Danything (10 )%
D3(2460)% anything (47 £27)%
D¢ anything (147 £21)%
DY anything (101 + 31)%
AY anything (77 +£11)%
€/ c anything [hhaa) (1162 + 3.2 )%

Charmonium modes

J/4(1S)anything ( 1164 0.10) %
¥ (2S) anything ( 286+ 0.28) x 1073
Xco(1P)anything (15 +06)%
Xc1(1P)anything (14 £04)%
Xc2(1P)anything ( 62 + 29)x103

Xc(2P)anything, x. — ¢¢ < 28 x 1077 CL=95%
nc(1S)anything 45 £ 19)%
nc(2S)anything, 7. — ¢¢ ( 32+ 17)x10°°

Xc1(3872)anything, xc1 — < 45 x10~7  CL=95%

X
X(3915)anything, X — ¢¢ < 31 x 107  CL=95%
K or K* modes
Sy ( 31+ 11)x1074
SUv B1 < 64 x 104 CL=90%
K*anything (74 +6 )%
K% anything (290 +29)%
Pion modes
7% anything (397 +21 )%
70 anything [hhaa] (278 +60 )%
¢anything ( 282+ 0.23)%
Baryon modes

p/panything (131 £11)%

A/ Aanything

b-baryon anything

( 59 +06)%
(102 + 28)%

Other modes
charged anything [hhaa) (497 +7 )%
hadron™ hadron™ (17t 30y x10-5
charmless (7 £21 )x1073

wt p~anything

AB = 1 weak neutral current (B1) modes

B1 < 32 x 1074 CL=90%
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B* 0Py =1a7)

I, J, P need confirmation.

Quantum numbers shown are quark-model predictions.
Mass Mg, = 5324.70 + 0.21 MeV
Mg, — Mg = 45.21 £ 0.21 MeV
Mpg. — Mgy = 45.37 + 0.21 MeV

By(5721)* 1UP) = 3at)

I, J, P need confirmation.
Mass m = 5725.9725 Mev

Mgy = Mpeo = 401. 2724 Mev

Full width ' = 31 + 6 MeV (S = 1.1)

By (5721)° 14P) =10%)

I, J, P need confirmation.
By (5721)% MASS = 5726.1 + 1.3 MeV (S = 1.2)
Mgy = Mpy = 446.7 & 1.3 MeV (S=12)

mB? — Mg = 4014+ 1.2 MeV (S=12)

Full width ' = 27.5 &+ 3.4 MeV (S =1.1)

B3(5747)* 1UP) = 3%

I, J, P need confirmation.
Mass m = 5737.2 +£ 0.7 MeV

Mgy — Mgy = 457.5 £ 0.7 MeV

2
Full width T = 20 + 5 MeV (S = 2.2)

B3(5747)° 10P) = 302h)
I, J, P need confirmation.
B5(5747)% MASS = 5739.5 + 0.7 MeV (S = 1.4)
0~ Mgy =134+ 14 MeV (S =13)

M0 — mB+ =460.2 + 0.6 MeV (S = 1.4)
FuII width ' = 24.2 + 1.7 MeV

me

B,(5970)* 1UP) = 179

I, J, P need confirmation.

Mass m = 5964 + 5 MeV
Mg (s970y+ ~ Mpo = 685 + 5 MeV
Full width T = 62 + 20 MeV

B,(5970)° 14P) = (79

I, J, P need confirmation.

Mass m = 5971 + 5 MeV
Mg (59700 — Mp+ = 691 £ 5 MeV
Full width ' = 81 + 12 MeV
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BOTTOM, STRANGE MESONS
(B=+1,S5=7F1)

0_ 5 B0 — = i ,
B = sb, B; =5b, similarly for B}'s

Bg

1(JP) = 0(07)

I, J, P need confirmation. Quantum numbers shown are quark-model
predictions.

Mass mgo = 5366.88 + 0.14 MeV
s
mBg — mg = 87.38 & 0.16 MeV

Mean life 7 = (1.515 + 0.004) x 10712 s
cr = 454.2 um

Al =T — .o = (0.085+ 0.004) x 1012 51
50 =Ty, = Ty, = )

BY-BY mixing parameters

AmBg =mgo ~ Mg = (17.749 + 0.020) x 1012 s~ !
= (1.1683 4 0.0013) x 1078 MeV
Xs = Amgo /T go = 26.89 & 0.07
S s
xs = 0.499312 4 0.000004

CP violation parameters in BY

Re(eBg) /(1 + |eBg|2) = (-0.15 4+ 0.70) x 1073

Cki(BY - KTK™)=0.14+0.11

Skk(BY = KT¥K™)=030+013

rp(BY — DT K*) =037153

65(BY — DEKT) = (358 + 14)°

CP Violation phase 3, = (2.55 & 1.15) x 102 rad
|A| (BY — J/4p(1S)¢) = 1.012 + 0.017

|A| = 0.999 + 0.017

A, CP violation parameter = —0.75 + 0.12

C, CP violation parameter = 0.19 + 0.06

S, CP violation parameter = 0.17 £ 0.06

AL L(Bs — J/yK*(892)%) = —0.05 £ 0.06

Al (Bs — J/4K*(892)%) = 0.17 + 0.15

AL p(Bs — J/YK*(892)%) = —0.05 £ 0.10
Acp(Bs = mt K~) = 0.221 + 0.015

Acp(BY — [KTK~]1pK*(892)%) = —0.04 + 0.07
Acp(BY = [t K~]pK*(892)%) = —0.01 £ 0.04
Acp(BY = [t ]pK*(892)°) = 0.06 + 0.13
S(BY —» ¢v) = 0.43 £0.32

By = ¢v7) =011+031

AX(Bs = ¢7) = —-07+04

Aa; < 1.2x10712 GeV, CL = 95%

Aay = (—0.9 + 1.5) x 1071 GeV

Aay = (1.0 +2.2) x 10714 Gev

Aay = (—3.8 +2.2) x 10714 GeV
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Re(¢) = —0.022 & 0.033
Im(¢) = 0.004 & 0.011

These branching fractions all scale with B(b — Bg).

The branching fraction B(Bg — D; ot vpanything) is not a pure measure-
ment since the measured product branching fraction B(b — Bg) X B(Bg —
Dy ot vganything) was used to determine B(b — Bg), as described in the
note on “B0-B0 Mixing”

For inclusive branching fractions, e.g., B — Dianything, the values usually

are multiplicities, not branching fractions. They can be greater than one.

Scale factor/ p
Bg DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
D anything (93 +25 )% -
Lyg X (96 +08)% -
etvX— (91 + 08)% -
tuX— (102 + 1.0 )% -
D ¢* vpanything ljaa] (81 + 1.3)% -
D%~ (T ypanything (54 £ 11)% -
Ds1(2536) " pt vy, Dy — (27 + 07 )x1073 -
D*~ K%
Ds1(2536)" Xptv, Dy — (44 £ 13)x103 -
50 Kt
Ds»(2573)" Xptv, Dy — (27 £ 1.0 )x103 -
BO Kt
D, ( 3.00+ 0.23) x 103 2320
D, p* (69 + 1.4 )x1073 2249
D xtrtm (61 + 1.0 )x10~3 2301
Dg;(2536)~nt, D — (25 + 08 )x1073 -
D; xt
DT K* (2.27+ 0. 19) x 10—4 2293
D, Ktrtm (32 + 06 )x104 2249
DI Dy (44 £ 05 )x10-3 1824
D, D+ (28 + 05 )x10~4 1875
Dt D~ (22 + 06 )x1074 1925
pODO (1.9 + 05 )x1074 1930
Dyt (20 £+ 05 )x10-3 2265
DiF K+ (1.33+ 035)><10 4 -
Dy pt (96 + 21 )x10-3 2191
Dit D + DI DY (1.39+ 017) % 1742
D*+ D** (144 0. 21) % S=1.1 1655
f)+ *)7 (45 £ 14)% -
D*0 K0 (28 + 11 )x1074 2278
DOKO (43 £ 09 )x10~4 2330
DOK— ot (1.04% 0. 13) x 1073 2312
DOK*(892)° (44 £ 06 )x1074 2264
DOK*(1410) (39 + 35)x1074 2117
DOK(1430) (30 + 07 )x1074 2113
DYK3(1430) (11 + 04 )x1074 2112
DOK*(1680) < 18 x1075  CL=90% 1997
DOK(1950) < 11 x107%  CL=90% 1890
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DYK3(1780) < 26 x1075  CL=90% 1971
DK (2045) < 31 x107%  CL=90% 1835
DO K~ T (non-resonant) (21 £ 08)x1074 2312
D%,y (2573)"xF, DY, — (26 + 04 )x1074 -
DOK-

D} (2700)~«F, D¥ — (16 + 0.8 )x1075 -
DOK-

D% (2860)~ T, D¥ — (5 +4 )x107° -
50 K-

D#5(2860)" 7 *, Di; — (22 + 06 )x107° -
_ Dk~
DOKT K~ (55 £ 08 )x105 2243
DO £,(980) < 31 x1076  CL=90% 2242
DY (3.0 + 05 )x1075 2235
D¢ (37 £ 06 )x1075 2178
D*F < 61 x1076  CL=90% -
) (50 + 09 )x10~4 1663
nenta~ (1.8 + 07 )x1074 1840
J/¥(1S) ¢ ( 1.08+ 0.08) x 103 1588
1/9p(1S) p (124F 330y c10-5 764
J/p(1S) w0 < 12 x1073  CL=90% 1787
J/¥(1S)n (40 + 07 )x1074 S=1.4 1733
J/p(1S)KY (1.88+ 0.15) x 1075 1743
J/9(1S) K*(892)° (41 + 04 )x1075 1637
J/H(1S)n (33 +04)x1074 1612
J/Y(AS)nta~ ( 209+ 0.23) x 10~4 S=1.3 1775

J/1¥(18) {(500), fy — wta~ < 4 x1076  CL=90% -

J/v(1S)p, p— wha~ < 4 x1076  CL=90% -

J/9(15)%(980), fy — 7t~ ( 128+ 0.18) x 10~ 4 S=1.7 -

J/¥(1S)£(1270), £ — (11 + 04 )x10°° -

rta~

J/¥(1S)H(1270), fH — (75 + 1.8 )x10~7 -

™ T
J/p(18)K(1270), fr — ( 1.09+ 0.34) x 107 -
T

J/¥(1S)H(1270) 1, fH — (13 + 08 )x107° -

atn™

J/w(JlrS)fo(mo), fo — (45 T 30 )yx1075 -

i
J/w(JlrS)fo(lsoo), fy — (211t 349y x 105 -
T T

J/9(18)f5(1525), fhH — ( 1.07+ 0.24) x 1076 -

ata~

J/(1S) F(1525) ), f) — (13 £ 27 )x1077 -

ata™

J/9(18)F,(1525) |, f5H — (5 +4 )x107 -

atn~

J/9(1S) f(1790), fy — (5.0 T11:0y 1076 -

T ’

J/¥(1S) w7~ (nonresonant) (18 + 31 yx10-8 1775
J/p(1S)KOrt 7~ < 44 x107%  CL=90% 1675
J/Y(1S)KT K~ (79 +07)x1074 1601
J/p(1S)KOK— 7t 4 cc. (92 + 1.3 )x107% 1538
J/Y(AS)KO Kt K~ < 12 x1075  CL=90% 1333
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J/¢(15) f}(1525) (26 +
J/Y(1S)pp (36 +
J/w(1S)y < 73
J/pAS)rtamat (78 +
J/1(1S) £ (1285) (72 +
P(2S)n (33 +0
»(2S) 1 (1.29+
»(2S) Tt~ (7.1 %
P(2S) ¢ (54 +
PRS)K~nt (31 +
$(25) K*(892)° (33 +
Xc19 (ZMi
T (7.0 £
070 < 21
7/7r0 < 1.0
nmn < 15
000 < 3.20
W:U/ (33 +
) < 82
¢(980), £(980) — T a~ (1124
6£(1270), £(1270) — (61 F
T
ép° (27 +
pmtm (35i
ol (1.87+
ololo) (22 %
Tt K~ (58 £0
I(Qng;‘ ( 266+
KK 20 £ 0
KOrt = E95 +
KOKE7F (&4i
K*(892)~ n* (29 +
K*(892)* KT (19 +0
K5(1430)F KT (31 +
K3(1430)F KT (1.0 +
K*(892) KO+ c.c. (20 +
K3(1430) KO+ c.c. (33 +
K35(1430)° KO + c.c. (17 +
K2 K*(892)° + c.c. (Lﬁi
KK+ K- (13 £0
K*(892)° 0 < 7.67
K*(892)0 K*(892)° (111+
dK*(892)0 (1.14%
pp < 15
pPKT K~ (45 £ 0
pPKt 7~ (Lwi
pprta (43 +
pAK™ 4+ c.c. (55 +
A Ant (36 +

— At
/\C /\C < 8.0

x 1075

x 1074
0.7 ) x 1075
x 107
0.21) x 1076

%g ) x 10—7

8 )x10~7
5)x1076
015)x10*5
7)x 1076
7)x1076

0. 22) x 1072
6 ) x 10-5
1)x 10-6
)x1o*5
1)x 10-6
5)x 10-5
)x10*5
7)x 105
)x10_5
0)x107°
2)x107°

4 ) x 10-5
)xm*6

x 10~4
0.27) x 107
0.30) x 1076
x 108

CL=90%

CL=90%
CL=90%
CL=90%
CL=90%

CL=90%

CL=90%

CL=90%

CL=95%

1310

982
1790
1731
1460
1338
1158
1397
1120
1310
1196
1274
2680
2680
2654
2627
2569
2507
2495

2526
2579
2482
2165
2659
2638
2637
2653
2622
2607
2585

2585
2468
2467
2585
2568
2550
2531
2507
2514
2231
2355
2454
2358
1979
1405
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Lepton Family number (LF) violating modes or
AB = 1 weak neutral current (B1) modes
vy BI < 31 x107®  CL=90% 2683
oy BI (34 + 04 )x107° 2587
whp BI (30 + 04 )x107? 2681
ete~ BI < 28 x1077  CL=90% 2683
- BI < 6.8 x1073  CL=95% 2011
pwtp—ptp~ BI < 25 x1079  CL=95% 2673
SP, S— uptu-, BI [aaaa < 22 x1079  CL=95% -
P— utu~
g(1020)u+;r BI1 (82 + 12)x10°7 2582
K*(892)0 ut pu— (29 £ 1.1)x1078 2605
ataptp~ BI (84 + 1.7 )x1078 2670
VT BI1 < 54 x1073  CL=90% 2587
et ¥ LF  [bb] < 5.4 x1079  CL=90% 2682
pErF < 42 x1075  CL=95% 2388
B: 1JP)y = 0(17)
I, J, P need confirmation. Quantum numbers shown are quark-model
predictions.
Mass m = 5415.4 718 Mev (S = 2.9)
mps — mp, = 486718 Mev (S =2.9)
Bs;(5830)° 1Py =0(1T)
I, J, P need confirmation.
Mass m = 5828.70 £ 0.20 MeV
Mgo — Mp.y = 504.00 & 0.17 MeV
1
Full width T = 0.5 & 0.4 MeV
*,(5840)° 1JP) = 021)
I, J, P need confirmation.
Mass m = 5839.86 + 0.12 MeV
Mg — Mgy = 560.52 &+ 0.14 MeV
2
Full width T = 1.49 + 0.27 MeV
B%,(5840)0 DECAY MODES Fraction (';/T) p (MeV/c)
Bt K~ DEFINED AS 1 252
B*t K~ 0.09340.018 141
BOYKY 0.43 +0.11 245
B*0KY 0.04 +0.04 -
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similarly for BY's

BOTTOM, CHARMED MESONS
(B=C=+1)

Bf =cb, B, =¢b,

1(JPy = 0(07)
I, J, P need confirmation.
Quantum numbers shown are quark-model predictions.

Mass m = 6274.9 + 0.8 MeV
Mean life 7 = (0.510 + 0.009) x 10712 s

BC_ modes are charge conjugates of the modes below.

p
B'c" DECAY MODES x B(b —+ B) Fraction (I';/T) Confidence level (MeV/c)
The following quantities are not pure branching ratios; rather the fraction
ri/T x B(b— Bg).

J/¥(1S) £+ vpanything (81 +1.2 ) x 1073 -
J/¥(15) a1(1260) <12 x 1073 90% 2169
X7t (24 *32)x1075 2205
DK+ 38 t12 %1077 2837
DOt <16 x10~7 95% 2858
D*0 7t <4 x10~7 95% 2815
D*O K+ <4 x10~7 95% 2793
D¥ DO <14 x10~7 90% 2484
D DO <6 x10~8 90% 2484
D+ DO < 3.0 x10~6 90% 2521
D+ DO <19 x10~6 90% 2521
D*(2010)*t D° <62 x 1073 90% 2467
Dt D*(2007)° <17 x 106 90% 2366
Dt D*(2007)° <31 x 106 90% 2366
D*(2010)* D*(2007)° < 1.0 x 104 90% 2410
D*(2010)* D*(2007)° <20 x 1075 90% 2410
Dt K*0 < 0.20 x 1076 90% 2783
Dt K*0 <0.16 x 106 90% 2783
D} K0 <028 x 10~6 90% 2751
D} K*0 <04 x 106 90% 2751
D¥¢ <032 x 106 90% 2727
Kt KO <46 x10~7 90% 3098

BYrt/ B(b — Bs)

(237+930) x 1073

See Particle Listings for 14 decay modes that have been seen / not seen.
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cc MESONS
(including possibly non-qq states)
1¢(15) 16(UPC) =0t~ 1)

Mass m = 2983.9 & 0.5 MeV (S = 1.3)

Full width ' = 32.0 + 0.7 MeV
nc(1S) DECAY MODES Fraction (I';/T) Confidence level (MIe)V/C)

Decays involving hadronic resonances
7' (958) 7w (41 £17)% 1323
op (1.8 £05)% 1275
K*(892)° K—nt + c.c. (20 £0.7 )% 1278
K*(892) K*(892) (7.0 £1.3 )x 1073 1196
K*(892)0K*(892)0 nt (11 £05)% 1073
OKT K™ (29 £1.4 )x1073 1104
[o10) ( 1.7740.19) x 103 1089
@2(nt77) < 4 x 1073 90% 1251
ap(980) < 2 % 90% 1327
a>(1320) < 2 % 90% 1197
K*(892)K + c.c. < 1.28 % 90% 1310
£(1270)n < 11 % 90% 1145
ww (2.9 +0.8 )x1073 1270
wo < 25 x 104 90% 1185
1(1270) ,(1270) (9.8 £2.5)x 1073 774
f,(1270) f1,(1525) (9.7 £32)x1073 524
Decays into stable hadrons
KKn (73 04 )% 1381
KKn ( 1.36+0.15) % 1265
nrta~ (17 £05)% 1428
n2(zt77) (44 £13)% 1386
KTK=atzn~ (69 £1.0 )x103 1345
KtK-ata a0 (35 +£06 )% 1304
KOK— 7zt~ at +c.c (56 £15)% -
KTK=2(zt77) (75 +2.4 )x1073 1254
2(KTK™) ( 1.460.30) x 103 1056
at a0 <5 x 104 90% 1476
ata— 070 (47 £1.0)% 1460
2nt ) (9.7 +12 )x 1073 1459
2(rt 7~ 70) (161 +2.0 )% 1409
3(rt ) (1.8 +£04)% 1407
pp ( 1.45+0.14) x 103 1160
ppr° (36 1.3 )x 1073 1101
AA ( 1.07+0.24) x 1073 991
KTPA+ c.c. (26 04 )x103 772
A(1520) A+ c.c. (31 +£1.4 )x1073 694
>ty- (21 £06 )x1073 901
==t (9.0 £26 ) x 1074 692
atn~pp (53 £1.8 )x1073 1027
Radiative decays

Ty ( 1.58+0.11) x 104 1492
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Charge conjugation (C), Parity (P),
Lepton family number (LF) violating modes

ata~ PCP < 11 x10~4 90% 1485
7070 PCP < 4 %105 90% 1486
KT K- PCP < 6 x 104 90% 1408
K% K¢ PCP < 31 x 10~4 90% 1407

See Particle Listings for 10 decay modes that have been seen / not seen.

J/4(1S) 16UPC =01~ ")

Mass m = 3096.900 + 0.006 MeV

Full width ' = 92.9 + 2.8 keV (S =1.1)
Mee = 5.53 4 0.10 keV

lee < 5.4¢eV,CL=90%

Scale factor/ p

J/¥(1S) DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
hadrons (877 £ 05 )% -
virtualy — hadrons (13.50 + 0.30 )% -
g88 (64 1 £1.0 )% -
Vg8 (88 + 11 )% -
ete~ ( 5.971% 0.032) % 1548
ete v [kkaa] (88 =+ 1.4 )x10~3 1548
whp (5.961+ 0.033) % 1545
Decays involving hadronic resonances
pT (169 + 0.15 )% S=2.4 1448
070 (56 + 07 )x10-3 1448
p(770)F K+ KY (19 + 04 )x1073 -
p(1450)7 — 7ta— 70 (23 + 07 )x1073 -
p(1450)F 7T — KIK*7TF (35 + 06 )x1074 -
p(1450)°7% — K+ K= 70 (27 + 06 )x1074 -
p(1450)7/(958) — (33 +07 )x107© -
7t a1 (958)
p(1700)7 — 77~ a0 (17 +11 )x1074 -
p(2150)7 — 7ta— a0 (8 40 )x1076 -
a,(1320)p (1.09 £ 022)% 1124
wrtata~ (85 =+ 34 )x1073 1392
wrtr 70 (40 + 07 )x1073 1418
wrta~ (72 + 10 )x103 1435
wh(1270) (43 £ 06 )x103 1142
K*(892)0 K*(892)° (23 + 06 )x10~4 1266
K*(892)* K*(892)F (100 T 8% ) x 103 1266
K*(892)* K*(700)F (11 T 3% )x10-3 -
K%7~ K*(892)T + c.c. (20 + 05 )x1073 1342
K%n= K*(892)T + c.c. — (67 + 22 )x10~4 -
Kg K%Tr+ T
K% K*(892)° — vKIKY (63 + 08 yx10-6 -
K3(1430)T K~ + c.c. — (269 328 )x 104 -
K+t K= 70
K3(1980) K~ + c.c. — (110 T 389 ) x10-5 -

KT K0
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K3(2045)F K=+ c.c. — (62 T 22 )x1076 -
Kt K70
n K*(892)0 K*(892)° (115 + 0.26 ) x 1073 1003
o K~ KT (1.48 + 013 ) x 1073 -
7 KK+ c.c. (1.66 + 021 )x10~3 1000
n hy(1415) — o' K¥*K+ c.c. (216 + 031 )x 1074 -
n hy(1415) — o/ K*:KF (151 + 023 ) x 104 -
K*(1410)K +c.c — (7 +4 )x107° -
K* KT 70
K*(1410)K + c.c. — (8 +6 )x107° -
KYKEaF
K3(1430) K +c.c. — (1.0 + 05 )x1074 -
KE KT 70
K3(1430) K+ c.c. — (40 + 10 )x1074 -
KYKE T
K*(892)° K3(1430)° + c.c. (466 + 031 )x1073 1011
K*(892)™ K3(1430)~ + c.c. (34 +29 )x1073 1011
K*(892)* K3(1430)" + c.c. — (4 +4 )x1074 -
K*(892)t K&n~ + cc.
K*(892)0 K, (1770)% + c.c. — (69 =+ 09 )x1074 -
K*(892)0 K~ ot + c.c.
wK*(892)K + c.c. +09 )x1073 1097
K K*(892) +c.c. — + 05 )x1073 -
KKEnT
K+ K*(892)~ + c.c. (60 * 98 yx10-3 $=2.9 1373
Kt K*(892)~ + c.c. — (269 01351073 -
KT K= 70 '
K+ K*(892)~ + c.c. — (30 + 04 )x1073 -
KOKE7T + cc.
KOK*(892)°+ c.c. (42 % 04 )x1073 1373
KOK*(892)°+ c.c. — (32 + 04 )x1073 -
KOKE7F + c.c.
K1(1400)* KF (38 + 14 )x1073 1170
K*(892)' K+~ + c.c. (77 + 16 )x1073 1343
K*(892)* KF 70 (41 +13 )x1073 1344
K*(892)° k¢ =0 (6 +4 )x1074 1343
wnl 70 (34 + 08 )x1073 1436
wnly (34 + 17 )x1074 1363
by (1235)% ¥ [bb] (3.0 + 05 )x10-3 1300
wKEKLTT [bb] (34 + 05 )x10-3 1210
by (1235)0 70 (23 +06 )x1073 1300
nK* KL nF [bb] (22 + 04 )x10~3 1278
HK*(892)K + c.c. (218 + 023 )x1073 969
wKK (19 + 04 )x103 1268
wfy(1710) = wKK (48 + 11 )x1074 878
@2(rt ) (160 + 032 )x103 1318
A(1232) T pr~ (1.6 + 05 )x1073 1030
wn (174 + 0.20 ) x 1073 S=1.6 1394
wy'rt o~ (112 + 013 )x 1073 1173
oKK (177 £ 016 ) x 1073 S=1.3 1179
dKIKY (59 + 15 )x10~4 1176
#fp(1710) — $KK (36 =+ 06 )x107% 875
OKT K™ (83 +12 )x1074 1179
¢ (1270) (32 +06 )x1074 1036
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A(1232) T+ A(1232)~~
5 (1385)~ £(1385)* (or c.c.)  [bb]
> (1385)0 £ (1385)°
K K~ f}(1525)
¢ 5(1525)
ot
¢7r0 7TO
dKEKLAT [bb]
wf; (1420)
on_
=0=0
=(1530)" =t + c.c.
pK~ X (1385)°
wTm
wTrO — ata— 7T0
¢n'(958)
¢, (980)
6(980) — ontx
$1p(980) — ¢70x0
oy
#7101 (980) = ¢nlata—
¢m91(980) — @m0 pOnl
n¢H(980) = nomt
$a(980)° — P
=(1530)° =0
> (1385)~ =+ (or c.c.) [bb]
¢ 1(1285)
$f(1285) — @0 £,(980) —
oot
$f(1285) — @0 £(980) —
oY adiiadis
7]7r+7r
np
wn'(958)
w1(980)
p1'(958)
a(1320)* 7 F [bb]
K K3%(1430)+ c.c.
Kq(1270)F KF
Ki(1270) K% — ~vKIKY
K37~ K5(1430)* + c.c.
K3(1430)° K3(1430)°
om0
én(1405) — ¢nmtm
w4 (1525)
wX(1835) — wpp
wX(1835), X — n'ntnw
$X(1835) — ¢pp
$X(1835) — ¢nmt
#X(1870) —» ¢nntw
n¢(2170) — n¢fH(980) —
n¢7r+ T
n(2170) —

nK*(892)0 K*(892)°

b
o
BB B H W B H B B B B B B H B B R B B R B B R B R R B

N
=
H

-

@

O
HH W R R

< 43
< 40
< 3.0
(85 =+
(36 =+
< 29
3% 1076 or
(20 =+
< 22
3.9
6.2
2.1
2.8
6.13
(12 =+

A ANANANVAN

< 252

0.29 ) x 10~3
0.05 ) x 1073
0.08 ) x 1073
0.35 ) x 1073
4 y)x1074
15 )x10~4
1.0 )x10~4
08 )x1074
24 )x107%
08 )x107%
0.04 ) x 1073
0.08 ) x 1074
32 )x1074
05 )x1074
0.8 )x107°
05 )x107%
09 )x1074
0.34 ) x 1074
05 )x10~4
0.17 ) x 1074
1.0 )x 1076
06 )x1076
10 )x10~4
14 )x107°
14 )x1074
05 )x10~4
05 )x1074
28 )x10~7
22 )x10~7
0.7 )x10~4
0.23 ) x 1074
0.18 ) x 1074
05 )x1074
0.8 )x1075
x 1073
x 1073
x 1073
25 )x10~7
18 )x1073
x 1073
1x10~7
1.0 )x 1072
x 1074
x 1076
x 1072
x 107
x 10~4
x 107>
04 )x1074
x 1074

S=2.7
S=1.7

$=2.2
S=1.9

S=1.6
CL=90%
CL=90%
CL=90%

CL=90%

CL=90%
CL=95%

CL=90%

CL=90%
CL=90%

CL=90%

938
697
697
897
877
1365
1366
1114
1062
1320
818
600
646
1446

1192
1178

885

1045

608
855
1032
952

955

1487
1396
1279
1267
1281
1264
1158
1240

1116
601
1377
946
1007

578

628
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5 (1385)° 1+ c.c. < 82 x1076  CL=90% 912
A(1232)Tp <1 x 1074 CL=90% 1100
A(1520) A+ c.c. = YAA < 41 x 106 CL=90% -
A(1520) A+ c.c. < 1.80 x 1073 CL=90% 807
O(1540) O(1540) — < 11 x 1072 CL=90% -

K%pK~7+ cc.
O(1540)K~ 1 — KipK—n < 21 x 1075 CL=90% -
O(1540)K%p - KYpK*n < 16 x 1075 CL=90% -
O(1540)K*n — KYPK*n < 56 %1073 CL=90% -
O(1540)K%p = KipK™7 < 11 x107%  CL=90% -
Decays into stable hadrons
2rt )70 (373 + 032)% S=1.4 149
3(rtr)x0 (29 +06 )% 1433
at a0 (210 & 0.08 )% S=1.6 1533
ata m07x070 (271 + 029 )% 1497
pEaF 00 (141 + 022)% 1421
ptp= a0 (60 + 11 )x1073 1298
ata= 0Kt K- (1.20 + 030 )% 1368
4(rt )70 (90 =+ 30 )x1073 1345
rtr  KtK— (684 £ 032 )x103 1407
KK (38 + 06 )x1073 1406
KK (1.68 + 019 ) x 1073 1406
KT KY (57 + 05 )x10-3 1408
Kt K= K%K (41 + 08 )x1074 1127
atr KTK=y (47 +£07 )x103 1221
m0n0 Kt K- (212 + 023 )x1073 1410
00 KLK? (19 + 04 )x1073 1408
KK (61 + 10 )x10-3 1442
Kt K0 (288 + 012 )x1073 1442
K KEnT (56 + 05 )x1073 1440
K¢ K970 (2.06 + 027 ) x 1073 1440
K*(892)° KO+ c.c. — (121 + 018 )x 1073 -
KYKY 70
K3(1430)° K%+ c.c. — (43 + 13 )x1074 -
KYKY =0

K% K97 (1.44 + 034 )x 1073 1328
2(rt ) (357 + 030 )x103 1517
3(rtaT) (43 + 04 )x103 1466
2(rt 7= 70) (161 + 021)% 1468
2(nt 7 )n (226 + 028 )x 1073 1446
3(rta)n (72 + 15 )x1074 1379
ata= 2070y (23 £ 05 )x1073 1448
pEatly (1.9 + 08 )x1073 1326
pP ( 2121+ 0.029) x 103 1232
ppm° (1.19 + 0.08 ) x 10~3 S=1.1 1176
pprt (60 + 05 )x10~3 S=1.3 1107
pprt a0 [Maa) (23 + 09 )x10~3 S=1.9 1033
PPN (200 + 012 )x1073 948
pPp < 31 x 1074 CL=90% 774
pPw (98 + 10 )x1074 S=1.3 768
ppn'(958) (129 + 014 )x 104 S=2.0 5%
pPap(980) — ppnln (68 + 18 )x1075 -
pPd (519 + 033 )x1075 527



126

Meson Summary Table

nm (209 +
narta~ (4 =+
yty- (150 +
>0¥0 (1.172%
2AzntrT)KT K™ (31 +
paAn~ (212 +
==t (97 +
AA (1.89 +
AT~ 7t (or c.c.) [bb] (83 =+
pK~ A+c.c. (87 =+
2Kt K™) (72 +
pK— X0 (29 +
KtK— (286 +
Kg K9 (1.95 +
Mzt~ (43 +
AAn (162 +
AA70 (38 +
AnK%+ cc. (65 =+
ata~ (147 £
AT + cc. (283 +
K% KY < 14
Radiative decays
3y (116 +
4y < 9
5y < 15
'y7r07r0 (115 +
a0 (214 +
va9(980)° — ynx0 < 25
va5(1320)% — ~n7o < 6.6
v K K (81 =+
ne(1S) (17 =+
11c(1S) = 3y (38
yrt o270 (83 +
ynmwmw (61 =+
y1p(1870) — ynpata~ (62 =+
yn(1405/1475) — vKK~ [nnaa] (2.8 +
yn(1405/1475) — ~~ p° (78 +
yn(1405/1475) — ynrt (30 =+
vn(1405/1475) — vy ¢ < 82
vn(1405) — vy < 2.63
vyn(1475) = vy < 1.86
Ypp (45 =+
v pw < 54
Ypd < 8.8
' (958) (525 +
~y2rton~ (28 =+
v £(1270) £,(1270) (95 +
~£(1270) f,(1270) (non reso- (82 =+
nant)
yKTK—ntn~ (21 +
~14(2050) (27 =+
Yww (161 +
y1(1405/1475) — ~ 0 p° (17 =+
~£(1270) (164 £

0.16 ) x 10~3
4 )x1073
0.24 ) x 1073
0.032) x 10—3
13 )x 1073
0.09 ) x 10—3
08 )x1074
0.09 ) x 10—3
07 )x1074
1.1 )x1074
08 )x10~4
08 )x107%
0.21 ) x 1074
0.11 ) x 1074
1.0 )x1073
017 ) x 1074
04 )x1073
11 )x 1074
0.14 ) x 1074
0.23 ) x 1075
x 108
0.22 ) x 1072
x 106
x 1075
0.05 ) x 10—3
0.31 ) x 1075
x 1076
x 106
04 )x107%
04 )%
15 )x10°
31 )x 1073
1.0 )x1073
24 )x1074
06 )x1073
20 )x 1073
05 )x107%
x 1075
x 106
x 1076
08 )x1073
x 1074
x 1075
0.07 ) x 10~3
05 )x1073
1.7 )x1074
1.9 )x107%
06 )x1073
07 )x1073
0.33 ) x 1073
04 )x1073
012 ) x 1073

S=1.4
5=2.8
S=1.2

S$=2.4

CL=95%

CL=90%
CL=90%

CL=95%
CL=95%

S=1.5
S=1.1

S=1.6
S=1.8

CL=95%
CL=90%
CL=90%

CL=90%
CL=90%
5=1.3
S=1.9

S=1.3
S=1.3

1231
1106
992
988
1320
1174
807
1074
950
876
1131
819
1468
1466
903
672
998
872
1542
1034
1466

1548
1548
1548
1543
1497

1466

1407

891
1336
1223
1286
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75(1270) —» yKIKY (258 = 089 )x 105 -
7£(1370) - YKK (42 + 15 )x1074 -
7 f(1370) — yKIKY (11 + 04 )x1075 -
7 £(1500) — yKIKY (159 * 928 )x 1075 -
y£(1710) = yKK (95 T30 yx104 S=15 1075
Yf(1710) — y7m (38 +£05 )x1074 -
v (1710) - yww (31 + 10 )x1074 -
v (1710) = ~vnn (24 T (1)% ) x 10~4 -
T _ ( 1.108+ 0.027) x 1073 1500
~vf(1420) - vKKm (79 + 13 )x1074 1220
~1(1285) (61 + 08 )x1074 1283
v£(1510) — ynpat7o— (45 + 12 )x1074 -
7 £4(1525) (57 * 38 yx104 S=15 1177
7 £ (1525) — yKS KY (80 T 3L yx1075 -
Y 5(1525) = 11 (34 + 14 )x107° -
vH(1640) — yww (28 + 18 )x1074 -
v£(1910) - yww (20 + 14 )x1074 -
7 f(1750) — vKIKY (111 929 ) %1075 -
71 (1800) — ~Ywe (25 + 06 )x1074 -
~vH(1810) — ~ynn (54 T g:i ) x 107 -
7H(1950) —» (70 +22 )x1074 -
v K*(892) K*(892)
v K*(892) K*(892) (40 + 13 )x1073 1266
Yoo (40 + 12 )x1074 S=2.1 1166
Ypp (38 + 10 )x1074 1232
yn(2225) (314 330 ) x10-4 752
yn(1760) — v p°p° (13 +09 )x1074 1048
n(1760) — Yww (1.98 + 033 )x103 -
vn(1760) — vy < 4.80 x 1076 CL=90% -
yX(1835) — ynta—q (277 + 938 )yx 104 S=1.1 1006
yX(1835) — ~pp (77 T35 )yxw05 -
7X(1835) = vKYKn (33 ©29 )x105 -
v X(1835) — yyv < 356 x 106 CL=90% -
yX(1840) — 43(xtn7) (24 T 37 yx1075 -
Y(KK) [JPC =0" Jr] (7 +4 )x1074 S=2.1 1442
0 (356 + 0.17 ) x 1072 1546
ypprt T < 79 x 104 CL=90% 1107
FAA < 13 x 1074 CL=90% 1074
v (2100) — ~vynn (113 * 828 yx 1074 -
71(2100) — y7m (62 + 10 )x1074 -
v1(2200) - YK K (59 + 13 )x1074 -
7(2200) — yKIKY (272 + 019y 5104 -
7f(2220) = y7mm < 39 x 1075 CL=90% -
vf1(2220) - YK K < 41 x 1072 CL=90% -
~vf(2220) — ~pp (15 + 08 )x107° -
7£(2330) = yK K (49 + 07 )x1075 -
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v£(2340) — ~vnn (56 T %‘21 ) x 1075 -
v5(2340) = vKI K (55 + 12 )x10-5 -
vf(1500) = ~7w (1.09 + 024 )x 104 1183
~vf(1500) — ~vnn (17 * ?2 ) x 1075 -
vA — ~invisible [ooaa] < 6.3 x 106 CL=90% -
yAY = oyt [ppaa] < 5 x 1076 CL=90% -
Dalitz decays
nlete~ (76 + 14 )x10~7 1546
net e~ (143 £ 007 )x 1075 1500
n'(958) et e~ (659 + 018 ) x 1075 1400
nU — nete~ < 911 x 107 CL=90% -
7'(958) U — n/(958)et e~ < 20 x10~7 CL=90% -
dete™ < 12 x 107 CL=90% 1381
Weak decays
D~ etve+ cc. < 12 x 1073 CL=90% 984
Doete+ cc. < 85 x 10~8 CL=90% 987
D etve+ cc. < 13 x 1076 CL=90% 923
Dy etre+ cc. < 18 x 1076 CL=90% 828
D=7t + cc. < 75 x 1073 CL=90% 977
DOKO+ c.c. < 17 x 10—4 CL=90% 898
DOK*0 4 c.c. < 25 x 106 CL=90% 670
Dy 7+ cc. < 13 x10~4 CL=90% 915
Dy pt+cec < 13 x 1075 CL=90% 663
Charge conjugation (C), Parity (P),
Lepton Family number (LF) violating modes
vy C < 27 x 1077 CL=90% 1548
Yo c < 14 x 106 CL=90% 1381
=¥ LF < 16 x 10=7 CL=90% 1547
et T LF < 83 x1076  CL=90% 1039
pErF LF < 20 x10-6  cL=90% 1035
Afe +ec < 6.9 x 10~8 CL=90% -
Other decays
invisible < 7 x 10~4 CL=90% -
See Particle Listings for 3 decay modes that have been seen / not seen.
Xco(1P) 16(PC) = ot )
Mass m = 3414.71 + 0.30 MeV
Full width T = 10.8 &= 0.6 MeV
Scale factor/ p
Xco(1P) DECAY MODES Fraction (I;/T) Confidence level (MeV/c)
Hadronic decays
2(rta7) (2.34+0.18) % 1679
POrtr— (9.1 £2.9 ) x 103 1607
15(980) f5(980) (6.6 £2.1 ) x10~4 1391
T T (33 £04 )% 1680
ptr 70+ cc. (29 £0.4 )% 1607
470 (33 +0.4 )x 1073 1681
T KT K™ (1.81+0.14) % 1580
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K3(1430)°R3(1430)0 - (98 153 ) x 1074 -
trTKtK™
K*(1430)0 K3(1430)%+ c.c. — 60 720 )x104 -
K+ K~
K1(1270)+ K™+ cc — (63 £1.9 ) x 1073 -
atr  KTK—
K1(1400)* K~ + c.c. — <27 x 1073 CL=90% -
£,(980) f5(980) 6 +19)x10-4 1391
£,(980) f5(2200) (79 20 )x 1074 586
f5(1370) fo(1370) <27 x 104 CL=90% 1019
f5(1370) f5(1500) <17 x 104 CL=90% 920
f,(1370) f(1710) (67 +33 ) x 1074 740
fy(1500) f5(1370) <13 x 104 CL=90% 920
fo(1500) fy (1500) <5 x 1072 CL=90% 804
f0(1500)fo(1 10) <7 x 1073 CL=90% 581
KtK=ata— a0 (8.6 £0.9 ) x 1073 1545
KYKEaFrtr (42 +0.4 ) x 103 1543
Kt K= 7070 (5.6 £0.9 ) x 103 1582
Kt~ Kox0 + c.c. (2.49£0.33) % 1581
pT K=K+ cc. (1.21£0.21) % 1458
K*(892)~ Kt n0 — (46 +12 ) x 1073 -
Kt~ Ko7x0 + c.c.
K KQatn (5.7 £1.1 ) x 1073 1579
Kt K=yl (3.0 £0.7 ) x 10-3 1468
3(rt ) (1.2040.18) % 1633
KT K*(892)% 7~ + c.c. (7.5 £16 ) x 1073 1523
K*(892)0 K*(892)° (1.7 £0.6 ) x 1073 1456
T (851+0.33) x 10—3 1702
70y <18 x 1074 1661
70y <11 x 1073 1570
7One <16 x 1073 CL=90% 383
nn (3.01+0.19) x 1073 1617
nn' (91 +1.1 )x 1075 1521
n'n (2.1740.12) x 103 1413
ww (9.7 £1.1 ) x107% 1517
wo (1.4140.13) x 10~4 1447
wKTK~ (1.9440.21) x 1073 1457
Kt K~ (6.05+0.31) x 103 1634
K% kY (316+0.17) x 10—3 1633
atr=ny <20 x 1074 CL=90% 1651
atr oy <4 x 1074 CL=90% 1560
KOKT7~ + cc. <9 x 1073 CL=90% 1610
KtK=x0 <6 x 10~5 CL=90% 1611
KtK™n <23 x 1074 CL=90% 1512
Kt K= KIKY (1.4 £05 ) x 1073 1331
K% KS K KY (5.8 £0.5 ) x 10—4 1327
KtK-KtK~ (2.8240.29) x 10~3 1333
KtK=¢ (9.7 £25 ) x 10~4 1381
KOK+n~ ¢+ c.c. (3.7 £0.6 ) x 1073 1326
KTK—a% (1.90+0.35) x 10—3 1329
¢t 70 (1.18+0.15) x 1073 1525
xS (8.0 £0.7 ) x 1074 1370
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PN (8.4 +£1.0 ) x 1074 1100
pp (221+0.08) x 1074 1426
ppr? (7.0 £0.7 ) x 1074 S=13 1379
ppn (3.5 +0.4 ) x 1074 1187
pPw (5.2 0.6 ) x 1074 1043
ppo (6.0 1.4 ) x 1075 876
pprT (21 407 )x 1073 S=1.4 1320
pp7° 770 (1.0440.28) x 103 1324
pPK™ K~ (non-resonant) (1.2240.26) x 104 890
ppKS KS <88 x 104 CL=90% 884
pAT™ (1.27£0.11) x 1073 1376
pnrt (1.37£0.12) x 103 1376
par— w0 (2.34+£0.21) x 1073 1321
pnrt a0 (221+0.18) x 1073 1321
AA (3.27+£0.24) x 10~4 1292
Azt (1.1840.13) x 10~3 1153
AA7t 7~ (non-resonant) <5 x 1074 CL=90% 1153
>(1385)T Ar~ + c.c. <5 x 1074 CL=90% 1083
>(1385)" Ant + c.c. <5 x 1074 CL=90% 1083
KTPA+ cc. (1.25+0.12) x 1073 S=13 1132
K*(892)T pA+ c.c. (48 £0.9 ) x 10~4 845
KT BA(1520)+ c.c. (29 +£0.7 ) x 1074 859
/\(1520)/\(1520) (31 +12 )x 1074 780
y030 (4.68+£0.32) x 10~4 1222
ItPKY+ cc (3.5240.27) x 104 1089
Ity - (46 £0.8 ) x 10~4 S=26 1225
> (1385)F £(1385)~ (1.6 0.6 )x 1074 1001
¥ (1385)~ X (1385)* (23 +07 )x 1074 1001
= =t 4+ cc. (1.94+0.35) x 10~4 873
= (3.1 +0.8 ) x 1074 1089
(4.8 +£0.7 ) x 1074 1081
<7 x 1074 CL=90% 307
Radiative decays

w/w(ls) (1.40+0.05) % 303
0 <9 x 1076 CL=90% 1619
yw <8 x 1076 CL=90% 1618
vo <6 x 1076 CL=90% 1555
vy (2.040.09) x 1074 1707
ete™ J/w(1S) (1.334+0.29) x 1074 303
wtu= J/(1S) <19 x 1075 CL=90% 226

Xc1(1P) 16(UFC) =0t t )

Mass m = 3510.67 & 0.05 MeV (S = 1.2)
Full width T = 0.84 4+ 0.04 MeV
Scale factor/ p
Xc1(1P) DECAY MODES Fraction ([;/T) Confidence level (MeVc)
Hadronic decays

3(nt ) (58 £1.4 )x1073 S=1.2 1683
2(rt ) (76 +26)x1073 1728
ata— 7070 ( 1.19£0.15) % 1729
ptr 70+ cc. (1.45+0.24) % 1658
aras (3.9 £35 ) x 103 1657
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470 (5.4 +£08)x10~4 1729
atr  KtK— (45 £1.0 )x1073 1632
Kt K= 7070 ( 1.1240.27) x 1073 1634
KtK=rtn— a0 ( 1.1540.13) % 1598
K KEaTFat o= (75 +£0.8 )x 1073 1596
Kt~ K70+ c.c. (86 £1.4)x1073 1632
p~KTK+ c.c. (50 +1.2)x 1073 1514
K*(892)0 K070 — (23 +06 )x1073 -
Ktr~ K70+ c.c.
KtK=nx ( 1.124+0.34) x 10~3 1523
mta” KS K (69 £29 )x10~4 1630
KT K=n (32 +1.0 )x1074 1566
KOK+tr~+ cc (7.0 £0.6 ) x 1073 1661
K*(892)0 KO+ c.c. (10 +4 )x107% 1602
K*(892)T K~ + c.c. (1.4 06 )x1073 1602
K*%(1430)° K0 + c.c. - <8 x1074  CL=90% -
K K+m~+ cc.
K*%(1430)* K~ + c.c. — < 21 x1073  CL=90% -
KiK*tm~+ cc.
KtK—x0 (1.8140.24) x 103 1662
nrta— ( 4.62+£0.23) x 1073 1701
29(980)T 7=+ c.c. — npataT (32 +04)x103 $=2.2 -
a,(1320) 7~ + c.c. — prt ™ ( 1.764+0.24) x 10~4 -
a,(1700)t 7~ + c.c. — nrt ™ (46 £07 )x107° -
£(1270)n — nata~ (35 +06 )x104 -
£4(2050)n — nwta~ (25 +09 )x 1073 -
m(1400) 7=+ cc. = nprtaT < 5 x 1072 CL=90% -
71(1600) T~ + c.c. = T < 15 x 1072 CL=90% -
7 (2015)F =+ cc. » pataT < 8 x1076  CL=90% -
£ (1270)n (67 £1.1)x1074 1467
ata=y (22 +04 )x103 1612
K+ K= 1/(958) (88 £0.9)x1074 1461
K§(1430)T K~ + c.c. (64 T22)x104 -
£,(980) 7/ (958) (16 T34 )x104 1460
fo(1710) 7' (958) (7 I )x10°5 1118
f1,(1525)7/(958) (9 +6 )x1073 1229
70£(980) = w0xtr (35 £09 ) x10~7 -
K+ K*(892)% 7~ + c.c. (32 £21)x1073 1577
K*(892)0 K*(892)0 (1.4 £04)x1073 1512
Kt K= KYKY < 4 x107%  CL=90% 1390
K% kY K% kY (35 £1.0)x1075 1387
KTK=KtK~ (54 +1.1)x104 1393
KtK=¢ (41 £15 ) x10~4 1440
KOKtn~ ¢+ c.c. (33 £05)x1073 1387
KTK—a% ( 1.62+0.30) x 10~3 1390
ot x0 (75 £1.0 ) x10~4 1578
ww (57 £0.7 )x 1074 1571
wKT K~ (78 £0.9 )x10~4 1513
wo (2.7 £0.4 )x 1075 1503
xS (42 +05)x1074 1429
oon (3.0 £05 )x 1074 1172
PP ( 7.60+0.34) x 1075 1484
ppr0 ( 1.55+0.18) x 10—4 1438
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PPN ( 1.4540.25) x 10~4 1254
ppw (2.1240.31) x 1074 1117
pPo < 17 x1075  CL=90% 962
pprta~ (50 £1.9 )x10~4 1381
pprn0 < s x 104 CL=90% 1385
pP KT K~ (non-resonant) ( 1.2740.22) x 1074 974
ppKS kS < 45 x1074  CL=90% 968
phAmT™ (38 +£05)x10~4 1435
pnrt (39 £05)x10~4 1435
par~ 70 (1.03+0.12) x 1073 1383
pnrt a0 (1.01£0.12) x 10~3 1383
AA (1.1440.11) x 104 1355
Art g~ (29 +05)x10~4 1223

AAzxt 7~ (non-resonant) (25 406 )x1074 1223

>(1385)T An~ + c.c. < 13 x1074  CL=90% 1157

>(1385)" Ant + c.c. < 13 x1074  CL=90% 1157
KtpA+c.c. (42 £0.4 )x10~4 S=12 1203
K*(892)T pA+ c.c. (49 £07 )x10~4 935
KT PBA(1520)+ c.c. (1.7 £04 )x1074 951
A(1520)A(1520) <9 x1075  CL=90% 880
030 (42 £06 )x 1075 1288
X*’EK%—F c.c. ( 1.53+0.12) x 10~4 1163
Ity- (36 07 )x1075 1291
5 (1385)F £(1385)~ <9 x1075  CL=90% 1081
> (1385)~ X (1385)* <5 x1075  CL=90% 1081
K-AZt+ cc. (1.3540.24) x 104 963
Z0=0 < 6 x1075  CL=90% 1163
==t (80 £21)x107° 1155
atr + KTK™ < 21 x 1073 -
K% K% < 6 x1075  CL=90% 1683
nentw < 32 x 1073 CL=90% 413

Radiative decays

~vJ/¥(1S) (343 £1.0 )% 389
0 (2.16+0.17) x 104 1670
yw (6.8 +0.8)x1073 1668
vé (24 +05)x1073 1607
vy < 63 x 1076 CL=90% 1755
ete= J/w(1S) ( 3.4640.22) x 1073 389
wtp=J/9(1S) (2.33+0.29) x 10~4 335

he(1P) 1I6UPCG =01t 7)

Mass m = 3525.38 £ 0.11 MeV
Full width ' = 0.7 + 0.4 MeV

hc(1P) DECAY MODES Fraction (I';/T) Confidence level (MIe)V/c)
J/(AS) )t~ < 23 x 1073 90% 305
PP < 15 x10~4 90% 1492
pprta~ (2.9+0.6) x 1073 1390
atr a0 ( 1.6+0.5) x 10~3 1749
2rt2n— 70 (81+1.8)x 103 1716
3rt3n— 70 <9 x 1073 90% 1661
KtK=atna~ < 6 x 104 90% 1640
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Radiative decays
n (47+21)x107% 1720
v’ (958) (1.5+0.4) x 1073 1633
Ync(1S) (51 +6 )% 500
See Particle Listings for 1 decay modes that have been seen / not seen.
xc2(1P) 16(JPCy = ot2+ 1)
Mass m = 3556.17 + 0.07 MeV
Full width ' = 1.97 4+ 0.09 MeV
Xc2(1P) DECAY MODES Fraction (I';/T) Confidence level (Mgv/c)
Hadronic decays
2(rt ) ( 1.02+0.09) % 1751
ataa0x0 ( 1.83+£0.23) % 1752
pta= 7%+ cc. (2.19+0.34) % 1682
470 ( 1.1140.15) x 10~3 1752
Kt K= 7070 (21 £04)x1073 1658
Kt~ Ko7+ c.c. ( 1.38£0.20) % 1657
p~ KTK+ cc. (41 £12)x1073 1540
K*(892)0 K~ 7t — (29 408 )x1073 -
K- 7t K970+ cc.
K*(892)0 K070 — (38 +09 )x1073 -
KT~ K70+ c.c.
K*(892)~ Kt n0 — (37 +08)x1073 -
Ktr~ K70+ c.c.
K*(892) T KOn~ — (29 +£08)x10-3 -
Ktr KO0+ c.c.
KtK=nn0 (1.3 £04)x10-3 1549
KtK—atzn~ (84 £09)x1073 1656
KtK-ata a0 ( 1.17+£0.13) % 1623
K KEaTFatr— (7.3 £08 ) x 1073 1621
K+t K*(892)7~ + c.c. (21 +11)x1073 1602
K*(892)0 K*(892)0 (23 £04)x1073 1538
3(rtaT) (86 +1.8 )x10~3 1707
oY) ( 1.06+0.09) x 10—3 1457
X0y (53 +06 )x1074 1206
ww (84 +1.0 )x1074 1597
wKT K~ (73 £09 )x10~4 1540
wo (9.6 +2.7 )x 1076 1529
T ( 2.234+0.09) x 10~3 1773
POt (3.7 £1.6 )x 1073 1682
7t a~ 7% (non-resonant) (2.0 +£0.4 )x 1075 1765
p(770)E 7 F (6 +4 )x107® -
ata n (48 +13)x1074 1724
ata—y (50 £1.8 )x 104 1636
nn (5.4 0.4 )x104 1692
Kt K~ ( 1.01£0.06) x 103 1708
KYKY (52 +£0.4 )x10~4 1707
K*(892)* KT ( 1.44£0.21) x 10~4 1627
K*(892)° KO+ c.c. (124+0.27) x 1074 1627
K3(1430)F KT (1.48+0.12) x 1073 -
K3(1430)° K%+ c.c. ( 1.24+0.17) x 10-3 1443

K3(1780)F K¥

(52 0.8 )x10~4
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K3(1780)° K%+ c.c.
a»(1320)0 70
a(1320)* 7 F
KOKtr— + cc.
KtK—x0

KtK—n

KT K~ 1/(958)

pprta-

ppm07d

pp K+ K~ (non-resonant)

PPKE K

pnm—

ﬁnﬂ+

pam— W

pnnt a0

AA

At a~
AA7* 7~ (non-resonant)
>(1385)T Ar~ + c.c.
>(1385)" Ant + c.c.

KTPA + cc.

K*(892)T pA+ c.c.

K+ PpA(1520) + c.c.

A(1520)/A(1520)

x0¥0

Z"'EK%—!— c.c.

sty-

> (1385)T £(1385)~

> (1385)~ £ (1385)*

K~ A=t 4 cc.

=0=0

==+

J/p(1S) 7t a0

Wonc

ne(1S) 7t 7~

0

v J/¥(1S)
vp°
yw

(5.6 £21)x1074
( 1.29+0.34) x 1073
(1.8 +£0.6 )x1073
(1.2840.18) x 10~3
(3.0 £0.8 )x10~4

< 32 x10~4
( 1.9440.34) x 1074
(22 405 )x1075

(46 £0.6 )x107>

(22 £05)x103

< 4 x 1074
( 1.13+0.18) x 10~4
( 1.6540.20) x 10~3
( 1.42+0.29) x 103
(48 +0.7)x1073
(27 £05)x103
(93 £1.2 )x1074
(7.33+0.33) x 107

(47 0.4 )x1074

( 1.74+0.25) x 10~4

(36 £0.4 )x104

(2.8 +0.9 )x1075

( 1.3240.34) x 1073

(7.8 +23)x1074

( 1.9140.32) x 10~4

< 79 x 1074
(85 £0.9 )x10~4
(89 +0.8 )x10~%
(2.17+0.18) x 103

(2.1140.18) x 10~3

( 1.8440.15) x 10~4

( 1.2540.15) x 10~3

(6.6 +1.5 ) x10~4

< 4 x 104

< 6 x10~4
(7.8 +£05)x1074
(82 +1.1)x1074
(28 407 )x1074

(46 +1.5)x10~4

(3.7 +£06 )x1073

(82 +0.9 )x1075

(34 £0.7 )x107°

< 16 x 1074

< 8 x 1073
( 1.76+0.32) x 10~4

< 1.0 x10~4
( 1.42+0.32) x 1074

< 15 %

< 32 x 1073

< 54 x 1073

Radiative decays
(19.0 +£0.5 ) %
< 19 x 1075
< 6 x 1076

90%

90%

90%

90%
90%

90%
90%

90%
90%

90%
90%

90%
90%

1276

1531
1685
1686
1592
1488
1600
1498
1655
1418
1415
1421
1468
1416
1419
1603
1510
1465
1285
1152
1002
1410
1414
1013
1007
1463
1463
1411
1411
1384
1255
1255
1192
1192
1236

976

992

924
1319
1197
1322
1118
1118
1004
1197
1189

430
1694
1692
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yé < 7 x10—© 90% 1632
vy ( 2.85+0.10) x 104 1778
ete=J/v(1S) ( 2.15+0.14) x 103 430
put = J/9(1S) (2.02+0.33) x 1074 381
1¢(25) 16(PC) =0t (0~ )
Quantum numbers are quark model predictions.
Mass m = 3637.5 + 1.1 MeV (S = 1.2)
Full width I = 11.3732 Mev
p
nc(25) DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
KKnm (1.9+1.2) % 1729
KKn (5 +4 )x1073 1637
KtK=atz= a0 ( 1.4+1.0) % 1667
vy (1.9+1.3) x 1074 1819
~vJ/¥(1S) < 14 % 90% 500
at a7 n(1S) <25 % 90% 537
See Particle Listings for 14 decay modes that have been seen / not seen.
(25) 16UPCG =0 7)
Mass m = 3686.10 & 0.06 MeV (S = 5.9)
Full width ' = 294 + 8 keV
Mee = 2.33 + 0.04 keV
Scale factor/ p
¥(2S) DECAY MODES Fraction (I';/T) Confidence level  (MeV/c)
hadrons (97.85 £0.13 ) % -
virtualy — hadrons (173 £0.14 )% S=1.5 -
g88 (106 +16 )% -
veg (1.03 £0.29 )% -
light hadrons (154 £15 )% -
ete~ (793 £0.17 ) x 103 1843
utp= (80 +£06 )x103 1840
= (31 +£04 )x1073 489
Decays into J/v(1S) and anything
J/%(1S) anything (614 £06 )% -
J/(1S) neutrals (25.38 +£0.32 ) % -
J/Y(AS)nta~ (34.68 £0.30 ) % 477
J/¢(18) 7070 (1824 +£031 )% 481
J/(1S)n (1337 +£0.05 )% 199
J/¢(18) 70 ( 1.268+0.032) x 10~3 528
Hadronic decays
70 he(1P) (86 +13 )x1074 85
3(rta=)ax0 (35 +£16 )x103 1746
2rt )70 (29 +1.0 )x10-3 s=a7 1799
par(1320) (26 +09 )x10~4 1501
ot 70070 (53 +09 )x1073 1800
pErF 070 < 27 x 1073  CL=90% 1737
PP (294 +£0.08 ) x 1074 1586
N (3.06 £0.15 ) x 10~4 1586
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ATt A (1.28 £0.35 ) x 1074 1371
NAR0 < 29 x1076  CL=90% 1412
AAn (25 +04 )x107° 1197
APKT ( 1.00 +£0.14 ) x 104 1327
K*(892)T pA+ c.c. (63 +£07 )x1075 1087
ApK Tt o™ (1.8 +£04 )x10~4 1167
At~ (28 +06 )x1074 1346
AA (381 £0.13 ) x 104 S=1.4 1467
ATHr+ cc. (140 £0.13 ) x 10~4 1376
AT 7t 4+ cc (154 £0.14 ) x 1074 1379
AZO (1.23 £0.24 ) x 1073 1437
SOBK* + cc. (1.67 £0.18 ) x 107> 1291
sty- (232 £0.12 ) x 1074 1408
30%0 (2.35 £0.09 ) x 10—4 S=1.1 1405
> (1385)F X (1385)~ (85 +07 )x107° 1218
> (1385)~ X (1385)* (85 +08 )x1075 1218
> (1385)0 X (1385)° (69 +07 )x107° 1218
-+ (287 £0.11 ) x 104 s=11 1284
z0=0 (23 +04 )x10~4 S=42 1291
=(1530)°=(1530)° (52 32 )x10-5 1025
K= A=t + cec. (39 +04 )x1075 1114
=(1530)~ =(1530)* (115 +0.07 ) x 1074 1025
=(1530)" =* (7.0 +12 )x107® 1165
Z(1690) =t —» K=A=+ 4 (52 +16 )x107° -
c.c.
Z(1820) =t —» K= A=+ 4 (1.20 +0.32 ) x 1073 -
c.C.
K=30=%+ cc. (37 +04 )x1073 1060
-0t (52 +04 )x1075 774
70pp (153 £0.07 ) x 1074 1543
N(940)p+ c.c. — 70pp (64 T18 )x10°5 -
N(1440)p+ c.c. = 79pp (73 1T yx1075 s=25 -
N(1520)p+ c.c. — 7°pp (64 23 )x1076 -
N(1535)p+ c.c. — 70pp (25 +1.0 )x10~5 -
N(1650)p+ c.c. = 7%pp (38 *14 yx105 -
N(1720)p+ c.c. = 7%pp (179 +9-26 ) x10-5 -
N(2300)p+ c.c. = 7°pp (26 32 )x1075 -
N(2570)p+ c.c. = 7°pp (213 7549 ) 105 -
70£(2100) = %pp (11 +04 )x10~3 -
npp (6.0 +04 )x107° 1373
nf(2100) — npp (1.2 +04 )x107° -
N(1535)p — npp (44 +07 )x107° -
wpp (69 +21 )x107° 1247
n pp (110 +£0.13 ) x 1079 1141
épp (61 +06 )x107° 1109
$X(1835) — ¢pp < 1.8 x10~7  CL=90% -
Tt~ pp (60 +04 )x10~4 1491
pAT~ or C.C. (248 +0.17 )x 1074 -
par~ w0 (32 +07 )x10~4 1492
2(xt 7= x0) (48 +15 )x1073 1776

nrt o < 16 x 1074 CL=90% 1791
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nrt a0 (95 +17 )x10~4 1778
2rta)n (12 +06 )x1073 1758
ata= 7070y < 4 x10~4  CL=90% 1760
W rta a0 (45 +21 )x10~4 1692
wrta~ (73 +12 )x10~4 s=2.1 1748
brF (40 +06 )x10~%  S=11 1635
b0 (24 +06 )x10~4 -
wh(1270) (22 +04 )x10~4 1515
w00 (111 £0.35 ) x 1073 1749
00Kt K- (26 +13 )x10~4 1728
atr  KTK— (73 +£05 )x10~4 1726
00 kY KO (13 +06 )x1073 1726
POKT K= (22 +04 )x10~4 1616
K*(892) K3(1430)° (19 05 )x10~4 1417
KtK=ata=n (13 07 )x1073 1574
KtK=2(zt 7)) 70 (1.00 £0.31 ) x 1073 1611
KTK=2(rt77) (19 +09 )x1073 1654
Kq(1270)F KF (1.00 £0.28 ) x 10-3 1588
KYKQmtm™ (22 +04 )x1074 1724
Ppp (50 +22 )x10~5 1252
Kt K*(892)% 7 + c.c. (67 +25 )x1074 1674
2(nt ) (24 406 )x1074 $=2.2 1817
POrta (22 +06 )x10~4 S=14 1750
KtK atr a0 (126 £0.09 ) x 1073 1694
wfy(1710) = wKT K~ (59 422 )x107° -
K*(892)° K~ nt 20 + c.c. (86 +22 )x10~4 -
K*(892)t K= 7t 7~ + c.c. (9.6 +28 )x10~4 -
K*(892)T K~ p% + c.c. (73 +£26 )x1074 -
K*(892)0 K= pt + c.c. (61 +18 )x10~4 -
nKT K=, no no (31 404 )x1075 1664
wKT K~ (1.62 +£0.11 ) x 104 S=1.1 1614
wK*(892)t K~ + c.c. (207 +0.26 ) x 1074 1482
wK3(1430)T K~ + c.c. (61 +12 )x1073 1252
WwK*(892)0 KO (1.68 £0.30 ) x 10~4 1481
wK3(1430)0 KO (58 +22 )x1073 1250
wX(1440) » wKK~ 7T+ cc. (16 +04 )x1075 -
wX(1440) » wKt K70 (1.09 £0.26 ) x 1075 -
wh (1285) » wKK- 7t + cc. (30 +1.0 )x1076 -
wfi(1285) = wKt K70 (12 +07 )x1076 -
3(rt ) (35 +20 )x1074 S=2.8 1774
pprt a0 (73 +07 )x10~4 1435
KT K~ (75 £05 )x107° 1776
K% K9 (534 £033 )x 1075 1775
at a0 (201 £017 )x 1074  s=1.7 1830
p(2150)7 — nta— 70 (19 *32 yx1074 -
p(770)7 — wta— 20 (32 +12 )x1075 S=1.8 -
atr™ (78 +£26 )x107° 1838
K1 (1400)F KF < 31 x 1074 CL=00% 1532
K3(1430) KT (71 13 yx10° -
Kt K= 70 (407 £031 ) x 1075 1754
KL K9 n0 < 30 x 1074  CL=90% 1753
K%Ky (13 £05 )x1073 1661
K+t K*(892)~ + c.c. (29 404 )x107° S=1.2 1698
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K*(892)° KO+ c.c.
ort o~
#1(980) — 7t m~
2K+ K™)
SKT K™
2(Kt K=)x0
én
n(2170), ¢(2170) — $£(980),
fy » ntn~
77/
¢ 1 (1285)
#n(1405) — ¢ntan
wn'
(UTI'O
!

pN

pn

w1

on°

nc7r+7r_ 70

PPKT K™

/\nK05+ c.C.

¢ f5(1525)

O(1540) ©(1540) —
KepK~T+ cec.

O(1540)K~7 — KipK~n

O(1540)K%p — KpK*n

O(1540)K*n — KIpK*n

@él&éO)K%p - KipK=n

K% KY

/\zrﬁe"' e~ + c.c.

Radiative decays

¥ xco(1P)

YXc1(1P)

YXc2(1P)

Y1e(15)

1¢(25)

vl

17 (958)

’yf2(1270)

vf(1370) » KK

~f5(1500)

v f5(1525)
vf(1710) — 7w
vf(1710) = KK

v (2100) —» y7w

7£(2200) - YKK

~v£;(2220) —» 7w
7vf;(2220) —» vKK
oot

v

ynprtaT
yn(1405) — YK K

(1.09
(118
(75
(63
(7.0
(110
(3.10
< 22

(154
(3.0
(85
(32
(21
(19
(22
< 11
< 4
< 1.0
(271
(81
(44
< 88

1.0
7.0
2.6
6.0
4.6
< 17

A ANANVAN

(9.79
(9.75
(952
(34
(7
(1.04
(1.24

(273

(3.1
(93
(33
(35
(66
(48
(32
< 58
< 95
< 15
(9.2
(87
<9

+0.20
+0.26
+3.3
+1.3
+1.6
+0.28
+0.31

+0.20
+1.3
+1.7

+2.5
-2.1

+0.6

+1.7
—-1.2

+0.6

+0.7
+1.8
+1.6

+0.20
+0.24
+0.20
+0.5
+5
+0.22
+0.04

+0.29
—0.25

+1.7
+1.9
+0.8
+0.6
+0.7
+1.0
+1.0

+1.8
+2.1

) x 104
yx 1074
) x 1075
) x 1073
) x 1073
) x 104
) x 1073

x 1076

) x107°
) x 1073
) x 106
) x 1075
) x 1075
) x 1073
) x 1073

x 1075

x 107

x 1073
) x 1073
) x 107°
) x 1073

x 106

x 1075
x 1076
x 1075
x 1076
x10~6
x 1076

) %
) %
) %
yx 1073
) x 104
) x 10—6
yx 1074
) x 104
) x 1075
) x 1075
) x 1073
) x 1075
)x 107>
) x 10—6
) x 106
x 106
x 1076
x 104
) x 107
) x 104
x 1075

S=1.5
S=1.6

CL=90%

S=1.1
CL=90%
CL=90%
CL=90%

CL=90%

CL=90%
CL=90%
CL=90%
CL=90%

CL=90%

CL=90%
CL=90%
CL=90%

CL=90%

1697
1690

1499
1546
1440
1654

1555
1436

1623
1757
1625

1717
1715
1699

512
1118
1324
1325

261
171
128
635
48
1841
1719

1622

1588
1535
1531

1244
1193
1168
1168
1843
1802
1791
1569
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yn(1405) — nrta~ (36 +25 )x1075 -
1(1405) — ~£(980)7° — < 50 x10-7  CL=90% -

yrrtmom
yn(1475) - KKm < 14 x 1074 CL=90% -
yn(1475) — nrta— < 88 x 1075 CL=90% -
y2(rt ) (40 +06 )x10~4 1817
YKOKT 7~ + cc. (37 +09 )x10~4 1674
v K*0 K0 (24 +07 )x10~4 1613
YKEKTa~+ cc. (26 +05 )x10~4 1753
yKtK—atn™ (19 +05 )x10~4 1726
YpP (39 +05 )x107° $=2.0 1586
~v(1950) — ypp (1.20 £0.22 ) x 1072 -
~vH(2150) = ypp (72 +18 )x107° -
vX(1835) — vpp (46 F18 yx10-6 -
vX = ypp lqqaa) < 2 x 1076 CL=90% -
Nyt~ pp (28 +14 )x1075° 1491
yo(rt AT KT K~ < 22 x1074  CL=90% 1654
y3(rt ) < 17 x 1074 CL=90% 1774
yKTK-Kt K~ < 4 X107 CL=90% 1499
yyd /P (31 19 yx104 542
ete v/ (1.90 £0.26 ) x 10© 1719
et e xco(1P) ( 1.06 +0.24 ) x 1073 261
ete  xca(1P) (85 +£06 )x10~4 171
et e xe(1P) (70 +08 )x10~4 128
Weak decays
DOete™+ c.c. < 14 x10~7  CL=90% 1371
Other decays
invisible < 16 % CL=90% -
$(3770) 16(JPCy =01~ )
Mass m = 3773.7 £ 0.4 MeV (S = 1.4)
Full width ' = 27.2 + 1.0 MeV
Mee = 0.262 & 0.018 keV (S = 1.4)
In addition to the dominant decay mode to D D, v(3770) was found to decay
into the final states containing the J/v (BAI 05, ADAM 06). ADAMS 06 and
HUANG 06A searched for various decay modes with light hadrons and found a
statistically significant signal for the decay to ¢n only (ADAMS 06).
Scale factor/ p
(3770) DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
DD @ 8 )% $=2.0 287
DYDY 2 td )% $=2.0 287
D+ D~ (41 £4 )% $=2.0 254
J/pmt o™ ( 1.93£0.28) x 10~3 561
/070 (80 £3.0)x10~4 565
J/vm (9 +4 )x1074 361
J/pr0 < 28 x1074  CL=90% 604
ete (96 £07 )x10° S=1.3 1887



140 Meson Summary Table

b1(1235)7r
o
wn'
o°n
én
wn
°n
or°
wﬂ'o
rtax
p

/

0

K*(892)t K~ + c.c.
K*(892)° KO+ c.c.

KSK]
2nt )
2nt =)0
2(rt 7~ 70)
wrta~
3(nt )
3(rtr)m0

3(rta)2x0

177r+ T
ata— 270
po ata~
n3m
n2(rt )

npom
n' 3

KtK—ntn

prt o~
Kt K= 270
Artr)
4(zt 7770
¢1,(980)
KtK—nt

R

a0
0

KtK=p0n
KtK=ptn

wKTK~
ot x

KoK= 7t 70+ cc.

K**TK=atn™ + cc.
Kt K- atn2a0
KTK=2(zt77)
KtK=2(zt 7= )70

nKt K~
nKtTK-nt

0

e

Decays to light hadrons

<

<
<
<

ANNNANNANANNNANANNNNANNNANNNANNNANNANNANNANNNANNANNANNANNANNNANNANNNNNNNNNNANNNANNNNANNA

1.4

1.12
1.06
5.85
6.0
9.1
1.37

11.74
1.24
8.9
6.9
1.34
2.43
1.45
2.44
9.0
4.1
4.2
1.67
3.06
45
2.36

1.46
3.4
3.8
1.62
3.23
2.67
1.03
3.60
4.1
1.24
5.0
6.0
7.5
2.9
3.2
3.2
1.33
6.6

x 1075
x10~4
x 10—4
x 10—4
x 1074
x 1075
x 10™4
x 1075
x 10—4
X 1076
x 1076
x 1075
x 1073
x 1073
X 1073
x 1073
%

x 104
x 1073
%

%

x 1073
x 1073
x 1073
x 1073
%

%

x 1073
x10~4
x 104
x 1073
%

%

x 10—4
x 1073
x 10—4
%

x 1074
x 1073
%

%

%

%

%

x10~4
%

x 1073
x10~4
x 104
x10~4
x 1073
x 1073
%

x 1073

CL=90%
CL=90%
CL=90%
CL=90%

CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%

1684
1607
1672
1674
1703
1762
1764
1746
1803
1874
1805
1745
1745
1820
1861
1844
1821
1794
1820
1792
1760
1836
1862
1796
1824
1804
1708
1741
1773
1737
1774
1757
1720
1597
1741
1624
1623
1664
1723
1694
1693
1705
1702
1661
1712
1624
1666
1552
1598
1494
1426
1799
1773
1665
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K K= 2ntn < 87 x 1073 CL=90% 1740
KIK=atp0 < 16 % CL=90% 1621
KiK—nty < 13 % CL=90% 1670
KKk 2nt 770 < 418 % CL=90% 1703
KIK=2ntn < 48 % CL=90% 1570
KYK=at2(rtrm) < 122 % CL=90% 1658
K K= at2n0 < 265 % CL=90% 1742
KIK= KT K=ot < 49 x10~3  CL=90% 1491
KYK=KtK=ntal < 3.0 % CL=90% 1427
KIK=KtK=xty < 22 % CL=90% 1214
KO K—nt+ cc. < 97 x1073  CL=90% 1722
ppr° < 4 x1075  CL=90% 1595
pprta < 58 x 104 CL=90% 1544
AA < 12 x 1074 CL=90% 1522
pprt a0 < 185 x 1073 CL=90% 1490
wpp < 29 x10~4 CL=90% 1310
AATO < 7 x1075  CL=90% 1469
pp2(rt77) < 26 x 1073 CL=90% 1426
npp < 54 x 1074 CL=90% 1431
npprt T~ < 33 x 103 CL=90% 1284
" pp < 17 x10~3  CL=90% 1314
pPKT K~ < 32 x 104 CL=90% 1186
nppKT K~ < 69 x 1073 CL=90% 737
O ppKt K~ < 12 x10~3  CL=90% 1094
épp < 13 x 1074 CL=90% 1178
ANrat o= < 25 x 1074 CL=90% 1405
ApKT < 28 x 1074 CL=90% 1387
ApK*Trta~ < 63 x 1074 CL=90% 1234
AAn < 19 x 1074 CL=90% 1263
yty- < 10 x 1074 CL=90% 1465
$050 < 4 x 1075 CL=90% 1462
== < 15 x 104 CL=90% 1347
z0=0 < 14 x10~4  CL=90% 1353
Radiative decays
YXc2 < 6.4 x 1074 CL=90% 211
YXecl ( 2.49+0.23) x 1073 254
YXco (69 +06 )x1073 342
YNe < 7 x 1074 CL=90% 707
v1c(295) <9 x 1074 CL=90% 134
v < 18 x 1074 CL=90% 1765
v < 15 x 1074 CL=90% 1847
0 < 2 x10~4  CL=90% 1884
1(3823) 1I6PCy =02 )
I, J, P need confirmation.

was 1(3823), X(3823)
Mass m = 3822.2 + 1.2 MeV

Full width T < 16 MeV, CL = 90%
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13(3842) 16UPGY = 0= )
J, P need confirmation.
Mass m = 3842.71 + 0.20 MeV

Full width T = 2.8 + 0.6 MeV

Xc1(3872) 16(UPCY = ot + )

also known as X(3872)

Mass m = 3871.69 + 0.17 MeV
mxcl(3872) — mJ/w =775 + 4 MeV
Full width T < 1.2 MeV, CL = 90%

Xc1(3872) DECAY MODES Fraction (F';/T) p (MeVjc)
ata=J/p(1S) > 32% 650
wl/Y(1S) > 23% i
DODO 70 >40 % 117

D0 po >30 % 4
™ xa > 28% 319
vJ /b >7 x1073 697
Y(2S) >4 % 181

See Particle Listings for 3 decay modes that have been seen / not seen.

Z(3900) 16(JPCy =1t + )
was X (3900)

Mass m = 3888.4 + 2.5 MeV (S =1.7)
Full width ' = 28.3 & 2.5 MeV

was x0(3915)

Mass m = 3918.4 + 1.9 MeV
Full width ' =20 £ 5 MeV (S =1.1)

X(3915) 16(JPCy = ot (@or2t )

xc2(3930) 16UPCY = ot ++)

Mass m = 3922.2 + 1.0 MeV (S = 1.6)
Full width T = 35.3 £ 2.8 MeV (S = 1.4)

X (4020)* 16(PCy =1+ (27)

Mass m = 4024.1 £ 1.9 MeV
Full width ' =13 £ 5 MeV (S =1.7)

1/(4040) > 16UPG =0 ")

Mass m = 4039 + 1 MeV
Full width ' = 80 + 10 MeV
[ee = 0.86 £ 0.07 keV
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Due to the complexity of the ¢ threshold region, in this listing, “seen” (*“not
seen”) means that a cross section for the mode in question has been measured
at effective /s near this particle’s central mass value, more (less) than 20 above
zero, without regard to any peaking behavior in /s or absence thereof. See
mode listing(s) for details and references.

1(4040) DECAY MODES Fraction (I';/T) Confidence level (MZV/C)
ete~ (1.07£0.16) x 1075 2019
Jjprata~ <4 x 1073 90% 794
J/pm0n0 <2 x 1073 90% 797
J/vm (5.2 £0.7 ) x 1073 675
J/¢pr® <28 x 104 90% 823
J/prt a0 <2 x 103 90% 746
Xc17 <34 x 1073 90% 494
X2 <5 x 1073 90% 454
Xc1m o <11 % 90% 306
Xc2m o m <32 % 90% 233
he(1P)mt n <3 x 1073 90% 403
onta~ <3 x 1073 90% 1880
Nt g~ <29 x 1074 90% 1578
NA7D <9 x 1075 90% 1636
A < 3.0 x 104 90% 1452
<13 x10~4 90% 1632

<7 x 1075 90% 1630

<16 x 1074 90% 1527

<18 x10~4 90% 1533

See Particle Listings for 13 decay modes that have been seen / not seen.

Xc1(4140) 16(UPCY = ot t+ )

was X (4140)

Mass m = 4146.8 + 2.4 MeV (S = 1.1)
Full width T = 22+8 Mev (S = 1.3)

1(4160) [722] 1GUPG =01~ )

Mass m = 4191 + 5 MeV
Full width ' = 70 £ 10 MeV
lee = 0.48 + 0.22 keV

Due to the complexity of the cT threshold region, in this listing, “seen” (*“not
seen”) means that a cross section for the mode in question has been measured
at effective /s near this particle’s central mass value, more (less) than 2o above
zero, without regard to any peaking behavior in /s or absence thereof. See
mode listing(s) for details and references.

1(4160) DECAY MODES Fraction (I';/T) Confidence level (sz/c)
ete~ (6.9 £3.3) x10~6 2096
J/pmta— <3 x 1073 90% 919
J/br0n0 <3 x 1073 90% 922
JIYKT K™ <2 x10~3 90% 407
J/vm <8 x 1073 90% 822
J/prd <1 x 1073 90% 944

J/vn <5 x 1073 90% 457
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J/pnt a0
»(2S)nt 7~
Xc17

Xc27
Xartrw
XeamtwT T
he(1P)nt 7™
he(1P) 7070
he(1P)1
he(1P) 70
ort o~

YXc1(3872) = yJ/ypmt T
vX(3915) — ~yJ/ypmt T
vX(3930) = ~J/yprta
vX(3940) — ~J/yprt

YXc1(3872) = vy J/¢
vX(3915) — vy J/¢
vX(3930) = yvJ/¥
vX(3940) — vy J/v

<1 x 1073
<4 x 1073
<5 x 1073
<13 %

<2 x 1073
<8 x 1073
<5 x 1073
<2 x 1073
<2 x 103
<4 x 10~4
<2 x 1073
< 6.8 x 1073
<136 x 10—4
<118 x10~4
< 1.47 x10~4
< 1.05 x 1074
<1.26 x 104
<88 x 1075
< 1.79 x 10~4

90%
90%
90%
90%
90%
90%
90%
90%
90%
90%
90%
90%
90%
90%
90%
90%
90%
90%
90%

See Particle Listings for 15 decay modes that have been seen / not seen.

¥(4230)

also known as Y'(4230); was X(4230)

16UPCY =01~ )

See also 1(4260) entry in Particle Listings.

Mass m = 4220 + 15 MeV

Full width T’ = 20 to 100 MeV

Xc1(4274)
was X (4274)

Mass m = 427478 Mev

IG(JPC) — 0+(1++)

Full width I' = 49 + 12 MeV

1(4360)

also known as Y (4360); was X (4360)

16UPCY =01~ )

(4360) MASS = 4368 £ 13 MeV (S = 3.7)
(4360) WIDTH = 96 & 7 MeV

(4415) [l

Mass m = 4421 + 4 MeV

1I6PC =01 )

Full width I' = 62 + 20 MeV

Mee = 0.58 & 0.07 keV

Due to the complexity of the ¢ threshold region, in this listing, “seen” (“not
seen”) means that a cross section for the mode in question has been measured
at effective /s near this particle’s central mass value, more (less) than 2o above
zero, without regard to any peaking behavior in /s or absence thereof. See

mode listing(s) for details and references.
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p
1(4415) DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
DO D~ 7 (excl. D*(2007)° DO < 23 % 90% -
_+c.c., D*(2010)* D~ +c.c.
DD3(2460) — DOD~xt +c.c. (10 +4 )% -
DO D*nt 4c.c. <11 % 90% 926
J/vm < 6 x 1073 90% 1022
Xc1Y < 8 x 1074 90% 817
X2V < 4 x 1073 90% 780
ete~ (9.4+32) x 1076 2210
See Particle Listings for 16 decay modes that have been seen / not seen.
Z-(4430) 16(PCy =1ta+ )
G, C need confirmation.
was X (4430)*
Quantum numbers not established.
Mass m = 4478fig MeV
Full width ' = 181 + 31 MeV
1(4660) 16(JPCy =01~ )
also known as Y'(4660); was X (4660)
(4660) MASS = 4633 £ 7 MeV (S = 1.4)
¥(4660) WIDTH = 64 & 9 MeV
(including possibly non-qq states)
16(15) 16(PC) =0t~ 1)
Mass m = 9398.7 & 2.0 MeV (S = 1.5)
Full width T = 1073 MeV
p
np(1S) DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
whp~ <9x 1073 90% 4698
Tt <8% 90% 4350
See Particle Listings for 5 decay modes that have been seen / not seen.
T(1S) 16(UPCy =01~ )
Mass m = 9460.30 + 0.26 MeV (S = 3.3)
Full width ' = 54.02 £+ 1.25 keV
e = 1.340 £ 0.018 keV
Scale factor/ p
T(1S) DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
= (260 £0.10 ) % 4384
ete (238 £0.11 )% 4730
whp~ ( 2.48 £0.05 )% 4729
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Hadronic decays

£88

Y88

7'(958) anything

J/4(1S) anything
J/¥(18)n¢
J/%(18) xco

(

(
J/¥(15) X2
/(1) 1c(2S)
J/1(15) X (3940)

J/2(15) X (4160)
X(4350) anything, X —
J/6(1S)6
Z,(3900)* anything, Z. —
J/¢p(18) 7+
Z.(4200)* anything, Z, —
J/p(1S)n*
Z.(4430)* anything, Z, —
J/p(18) 7 *
XE anything, X — J/yK*
Xc1(3872) anything, xc1 —
J/p(AS)ntn~
1(4260) anything, v —
J/pAS)rt 7~
1(4260) anything, ¢ —
J/p(AS)KT K~
Xc1(4140) anything, xc1 —
J/(1S)6
Xco anything
Xc1 anything
Xc1(1P) Xietra
Xc2 anything
1(2S) anything
¥Y(25)nc
»(25) xco
Y(25)xa1
¥(2S) xc2
¥(25)nc (25)
¥(25) X (3940)
(25) X (4160)
1(4260) anything, ¢ —
(S)rtn~
1(4360) anything, ¢ —
»(2S)rt
1(4660) anything, ¢ —
P(2S)rt 7~
X(4050)* anything, X —
$(2S) 7
Z.(4430)* anything, Z. —
»(28)nE
Z.(4200)" Z,(4200)~
Z.(3900)* Z,(4200)F
Z(3900)" Z.(3900)~
X (4050)T X (4050)~

(81.7 0.7 )%
(22 406 )%
(294 £0.24 )%
(54 +04 )x10~4

< 22 x10~6
< 34 x 1076

(39 +12 )x107°
< 14 x 1076
< 22 x10~6
< 5.4 x 1076
< 54 x 106
< 81 x10~6
< 13 x 1075
< 6.0 x 1075
< 49 x 1075
< 5.7 x 1076
< 95 x 1076
< 38 x 1075
< 15 x 1076
< 52 x 1076
< 4 x 1073

(1.90 +£0.35 ) x 104
< 3.78 x 1075

(28 +08 )x10~4
(1.23 +£0.20 ) x 1074

< 36 x 1076
< 65 x 10—©
< 45 x 1070
< 21 x10~6
< 32 x10~6
< 29 x 1076
< 29 x10~6
< 79 x 1073
< 5.2 x 1075
< 22 x 1075
< 88 x 1075
< 67 x 1075
< 223 x 1075
< 81 x 1076
< 1.8 x 106
< 158 x 1075

S=1.4
CL=90%
CL=90%

CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%

CL=90%

CL=90%
CL=90%

CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%

CL=90%
CL=90%

4223
3623
3429
3382
3359
3317
3148
3018
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X (4250)F X (4250)~ < 266 x 1073 CL=90% -
X(4050)* X (4250)F < 442 x 1075 CL=90% -
Z.(4430)" Z,(4430)~ < 203 x 1075  CL=90% -
X(4055)% X (4055)F < 233 x 1075 CL=90% -
X(4055)* Z.(4430)F < 455 x 10 CL=90% -
pT < 368 x 1076 CL=90% 4697
wnd < 3.90 x1076  CL=90% 4697
ata~ <5 x 10 CL=90% 4728
KtTK— <5 x 10 CL=90% 4704
pp <5 x 1074 CL=90% 4636
ata— a0 (21 408 )x10 4725
oKt K™ (24 £05 )x10 4622
wrtr™ (45 +£1.0 )x107° 4694
K*(892)° K~ nt + c.c. (44 £08 )x10 4667
¢1}(1525) < 163 x 10 CL=90% 4551
wf(1270) < 179 x 1076 CL=90% 4611
p(770) a,(1320) < 224 x 1076 CcL=90% 4605
K*(892)° K3(1430)° + c.c. (30 +08 )x1076 4578
K1(1270)* KT < 241 x 1076 CL=90% 4634
K1(1400)* KF (1.0 +04 )x10-6 4613
by (1235)* 7 F < 125 x 1076 CL=90% 4649
ot 70x0 (1.28 £0.30 ) x 10~5 4720
KYK*tm~+cc. (16 +04 )x10-6 4696
K*(892)° KO+ c.c. (29 409 )x1076 4675
K*(892)~ K+ + c.c. < 111 x1070  CL=90% 4675
f,(1285) anything (46 +£31 )x1073 -
D*(2010)* anything (252 £0.20 )% -
£1(1285) Xietra < 6.24 X107  CL=90% -
2H anything (285 £0.25 ) x 107 -
Sum of 100 exclusive modes ( 1.200+£0.017) % -

Radiative decays

yrta~ (63 +18 )x107° 4728
4070 (1.7 +07 )x1075 4728
~y 7 (S-wave) (46 +07 )x107° 4728
yaln < 24 x 1076  CL=90% 4713
YKT K= [ssaa] ( 1.14 +0.13 ) x 1072 4704
PP [ttaa] < 6 x 1076 CL=90% 4636
~y2htT2h™ (70 +15 )x10~4 4720
~v3ht3h™ (54 +20 )x1074 4703
~y4ht4h— (74 +£35 )x1074 4679
vyt KT K= (29 +£09 )x10~4 4686
~y2rt o= (25 +£09 )x10~4 4720
v3nt 3w~ (25 +12 )x1074 4703
~yornton Kt K= (24 £12 )x1074 4658
~yrtn~ pp (15 +£06 )x10~4 4604
~2nt2n~ pp (4 46 )x1075 4563
2Kt 2K— (20 £20 )x1075 4601
1 (958) < 19 x 1076 CL=90% 4682
yn < 10 x 1076 cL=90% 4714
v 15(980) < 3 x 1073 CL=90% 4678
7y f5(1525) (29 +06 )x107° 4608
~£(1270) (1.01 +£0.06 ) x 104 4644
~y1(1405) < 82 x 1075 CL=90% 4625
~ f5(1500) < 15 X107  CL=90% 4610
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v15(1500) — yKT K~

(1.0 +04 )x107°

v (1710) < 26 x 1074  CL=9%0% 4577

yf(1710) — YKT K~ (1.0l +£0.32 )x 1075 -
vf(1710) — y7t 7o~ (53 +£20 )x107° -

yf(1710) — 7070 < 14 x 1076 CL=90% -

vh(1710) = ynn < 18 x 1076 CL=90% -
7 13(2050) < 53 x107%  CL=90% 4515
¥1(2200) — KT K™ < 2 x107%  CL=90% 4475
7£1(2220) - YKT K™ < 8 x1077  CL=90% 4469
vfy(2220) — yata~ < 6 x10~7  CL=90% -
~vf;(2220) = ~vpp < 11 x 1076 CL=90% -
vn(2225) = v¢¢ < 3 x1073  CL=90% 4469
yne(1S) < 5.7 x1075  CL=90% 4260
TXco < 65 x107%  CL=90% 4114
YXcl < 23 x1075  CL=90% 4079
VX2 < 76 x 1076 CL=90% 4062
vxc1(3872) — wta= J/y < 16 x 1076 CL=90% -
Yxc1(3872) = 7t a0/ < 28 x 1076 CL=90% -
YX(3915) = wJ/v < 3.0 x107%  CL=90% -
vXc1(4140) = ¢J/v < 22 x 1076 CL=90% -
v X [uuaal < 45 x1076  CL=90% -
XX (mx < 3.1 GeV) [waa] < 1 x1073  CL=90% -
XX (mx < 4.5 GeV) [xxaa] < 2.4 x 1074 CL=90% -
vX = v+ > 4 prongs [yyaa] < 1.78 x107%  CL=95% -
yad = yutps [zzaa) < 9 x 1076 CL=90% -
val = yrtro [ssaa] < 1.30 x10~4  CL=90% -
val > vgg [aabb] < 1 % CL=90% -
yal —» 455 [aabb] < 1 x 1073 CL=90% -

Lepton Family number (LF) violating modes
T LF < 6.0 x1076  CL=95% 4563
Other decays

invisible < 30 x107%  CL=90% -

Xbo(]'P) [bbbb] IG(JPC) — 0+(0 + +)

J needs confirmation.
Mass m = 9859.44 + 0.42 + 0.31 MeV

xpo(1P) DECAY MODES Fraction (I;/T) Confidence level (MIe)V/c)
v T(1S) (11.94£0.27) % 391
DX < 10.4 % 90% -
ata= KT K= 70 < 16 x 104 90% 4875
2t K~ KY <5 x 1075 90% 4875
ort ™ K= K 2r0 <5 x 104 90% 4846
2t 27~ 270 < 21 x 104 90% 4905
onton Kt K™ (1.1 £06 )x10~4 4861
2t 2r~ Kt K—n0 < 27 x 104 90% 4846
2t 2= Kt K= 270 <5 x 104 90% 4828
3rton” K~ K x0 < 16 x 104 90% 4827
3nt3n~ < 8 x 1075 90% 4904
37t 37~ 270 < 6 x 10~4 90% 4881
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3rt3n Kt K™ (24 £12 )x1074 4827
3nt3r- Kt K= 70 < 10 x 1073 90% 4808
drtan— < 8 x 1075 90% 4880
4t an— 270 < 21 x 10~3 90% 4850
J/wd/y < 7 x 1072 90% 3836
J/9(2S) < 12 x 10~4 90% 3571
$(2S5)p(2S) < 31 x 1073 90% 3273
J/¢(1S)anything < 23 x 1073 90% -
Xbl(lP) [bbbb] /G(JPC) _ 0+(1 + +)
J needs confirmation.

Mass m = 9892.78 £+ 0.26 &+ 0.31 MeV

Xp1(1P) DECAY MODES Fraction (I';/T) Confidence level (MZV/C)
v T(1S) (35.2 £2.0) % 423
DX (12.6 £22)% -
atr KtK— 70 (2.0 £0.6) x 10~4 4892
2rt 7™ K~ K (1.3 +£05) x 10~4 4892
ot r” K= K2 2q0 <6 x 1074 90% 4863
21t 27~ 270 (8.0 £2.5) x 10~4 4921
ontor Kt K™ (15 £05) x 10~4 4878
2rtor Kt K—x0 (35 +1.2) x 1074 4863
2rtor~ Kt K= 270 (86 £3.2)x 10~4 4845
3rton” K= K%l (9.3 £33)x 1074 4844
3nt3r~ (1.9 £0.6) x 1074 4921
3nt 37~ 270 (1.7 £05)x 1073 4898
3rt 3~ Kt K™ (26 +0.8) x10~% 4844
3rt3r~ Kt K= 70 (7.5 +£2.6) x 10~4 4825
4nt 4~ (26 £0.9)x10™4 4897
4t 4n— 270 (1.4 £06) x 1073 4867
wanything (49 £1.4)% -
wXietra < 4.44 x 1074 90% -
J/wd/y < 27 x 1075 90% 3857
J/¢¥(2S) < 17 x 1072 90% 3594
¥(2S)(2S) < 6 x 107 90% 3298
J/¥(1S) anything < 11 x 1073 90% -
J/Y(1S) Xietra < 227 x 1074 90% -
hy(1P) 16(JPC)y =01+ )

Mass m = 9899.3 + 0.8 MeV

hp(1P) DECAY MODES Fraction (I';/T) p (MeV/c)

np(1S)y (521’2) % 488
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IG(JPC) =ot@e*t™h
J needs confirmation.

Xb2(1P) (bbbl

Mass m = 9912.21 4 0.26 & 0.31 MeV

xp2(1P) DECAY MODES Fraction (';/T) Confidence level (MZV/C)
v T(1S) (18.0+1.0) % 442
DOx < 79 % 90% -
atr Kt K= =0 (8 £5 )x10~5 4902
2rtn” K= KY < 1.0 x 104 90% 4901
2rtn™ K~ K3 2r0 (5.3+£2.4) x 104 4873
27t 2~ 270 (3.5+1.4) x 1074 4931
ontor~ Kt K= ( 1.1£0.4) x 10~4 4888
2t 2r= Kt K= 70 (2.14£0.9) x 104 4872
2t 27— Kt K= 270 (3.9+1.8) x 1074 4855
3rtor™ K~ KGO <5 x 104 90% 4854
3nt3n~ (7.0£3.1) x 1075 4931
37t 37270 (1.0+£0.4) x 1073 4908
3nt3n KT K™ < 8 x 1075 90% 4854
3rt3r~ Kt K= 70 ( 3.6+£1.5) x 104 4835
4t 4n— (8 +4 )x107° 4907
47t 47— 270 (1.8+0.7) x 1073 4877
J/J [ < 4 x107° 90% 3869
J/v(25) <5 x 1073 90% 3608
(25)¥(2S) < 16 x 1075 90% 3313
J/¥(1S)anything (1.5+0.4) x 1073 -
T(25) 1I6(JPCy =0—1— )
Mass m = 10023.26 + 0.31 MeV
m'r(35) — m'r(zs) = 331.50 £+ 0.13 MeV
Full width ' = 31.98 + 2.63 keV
lee = 0.612 4 0.011 keV
Scale factor/ p
T(2S) DECAY MODES Fraction (I;/T) Confidence level (MeV/c)
TAS)nt 7~ (17.85+ 0.26) % 475
T(18)7%=° (86 + 04)% 480
= ( 2.00+ 0.21) % 4686
utp~ (1.93+ 0.17) % S=2.2 5011
ete™ (1.91+ 0.16) % 5012
T(18)7° < 4 x1075  CL=90% 531
T(1S)n (29 + 04 )x1074 $=2.0 126
J/¢(1S) anything < 6 x1073  CL=90% 4533
J/Y(1S) e < 5.4 x1076  CL=90% 3984
J/%(1S) xco < 34 x1076  CL=90% 3808
J/9(1S) xe1 < 12 x1076  CL=90% 3765
J/(1S) X2 < 20 x1076  CL=90% 3744
J/¥(1S)nc(25) < 25 x1070  CL=90% 3707
J/1¥(15) X (3940) < 20 %1076  CL=90% 3555
J/¥(1S) X (4160) < 20 x107%  CL=90% 3440
Xc1anything (22 + 05)x1074 -
Xe1(1P)? Xietra < 367 x107%  CL=90% -

Xc2anything

(23 + 08)x1074
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»(2S)ne
w(25)><co
¥(2S)xa1
¥(2S) X2
¥(25)nc(25)
¥(25) X(3940)
(25) X(4160)
Z:(3900)* Z,(3900)~
Z.(4200)" Z,(4200)~
Z,(3900)* Z,(4200)F
X(4050)F X (4050)~
X(4250)1 X(4250)~
X(4050)F X (4250)F
Z.(4430)* Z,(4430)~
X(4055)F X (4055)F
X(4055)* Z.(4430)F
2H anything
hadrons

gge

Y88
KT K~
wrtr~
K*(892)° K~ nt + c.c.
$5(1525)
wf(1270)
p(770) a5 (1320)
K*(892)° K%(1430)° + c.c.
Ky (1270)* KF
K1 (1400)* KF
by (1235)* 7 F
pT
ata—
UJ7T0
7r+ T 7T0 71'0
KK+ 7~+ cc.
K*(892)°K°+ c.c.
K*(892)~ K*+ c.c.
f1(1285) anything
f1(1285)Xtct7”a
Sum of 100 exclusive modes

0

¥xb1(1P)
Yxb2(1P)
¥ xpo(1P)
~fp(1710)
5 f’2(1525)
Y f2(1270)
¥1c(15)

Y Xco

Y Xc1

Y Xc2
vXc1(3872) — wta= J/4
Yxc1(3872) = ata— a0/

< 5.1 x 106
< 47 x 1076
< 25 x 1076
< 1.9 x 1076
< 33 x 1076
< 39 x 1076
< 39 x 1076
< 1.0 x 106
< 167 x 1075
< 73 x 1076
< 1.35 x 1072
< 267 x 1075
< 272 x 1075
< 2.03 x 1072
< 111 x 1075
< 211 x 1075

(278F 3% 105

(94 £11 )%
(588 £ 1.2 )%
( 1.87+ 0.28) %
(1.6 + 0.4 )x1076

< 258 x 1076

(23 +07)x10°
< 133 x 1076
< 57 x10~7
< 88 x10~7

(15 + 06 )x107°
< 322 x 1076
< 83 x10~7
< 40 x 107
< 116 x 106
< 8.0 x10~7
< 163 x 10©

( 1.30+ 0.28) x 10
( 1.14% 0.33) x 1076

< 422 x 1076
< 145 x 10©

(22 + 16 )x1073
< 6.47 x 1075

( 2.90+ 0.30) x 10~3

Radiative decays

(69 + 04 )%
( 7.15+ 0.35) %
(38 £ 04)%

< 5.9 x 1074
< 53 x 104
< 2.41 x 10~4
< 27 x 1073
< 1.0 x 104
< 3.6 x 10©
< 15 x 1072
< 8 x 107
< 24 x 106

CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%

S=1.2

CL=90%

CL=90%
CL=90%
CL=90%

CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%

CL=90%
CL=90%

CL=90%

CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%

130

110

162
4867
4897
4930
4567
4430
4397
4381
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vX(3915) = wJ/+ < 28 x1076  CL=90% -
vxc1(4140) = o J/v < 12 x1076  CL=90% -
vX(4350) = ¢J/v < 13 x1076  CL=90% -
ynp(1S) (55 T 31 yx1074 S=1.2 605
ynp(1S) — ~ySum of 26 exclu- < 37 x1076  CL=90% -
sive modes
X 5 — ~Sum of 26 exclusive < 49 x1076  CL=90% -
modes
vX — v+ >4 prongs [ccbb] < 1.95 x10~4  CL=95% -
4AY — ~hadrons < 8 x1075  CL=90% -
yad = yptps < 83 x1076  CL=90% -
Lepton Family number (LF) violating modes
et 7T LF < 32 x10~6  CL=90% 4854
pErF LF < 33 x10~6  CL=90% 4854
T2(1D) 16UPC) =027 ")
was T(1D)
Mass m = 10163.7 + 1.4 MeV (S = 1.7)
T5(1D) DECAY MODES Fraction (F;/T) p (MeVjc)
7t a~ T(1S) (6.6+1.6) x 103 623
See Particle Listings for 3 decay modes that have been seen / not seen.
Xbo(2P) (P>l 16(UPC) =0t + )
J needs confirmation.
Mass m = 10232.5 + 0.4 + 0.5 MeV
P

Xpo(2P) DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
7 T(25) (1.3840.30) % 207
v T(1S) (38 £1.7 ) x 1073 743
DO X <82 % 90% -
atr Ktk 70 <34 x 1075 90% 5064
2rt ™ K= KY <5 x 1075 90% 5063
27t 7~ K~ K320 <22 x 104 90% 5036
27t 27~ 270 <24 x 10~4 90% 5092
onton~ Kt K~ <15 x 1074 90% 5050
ortor Kt K= x0 <22 x 10~4 90% 5035
27t 27~ Kt K= 270 <11 x 1073 90% 5019
3rton™ K~ KQn0 <7 x 10~4 90% 5018
3nt3n~ <7 x 1075 90% 5091
3rt3n— 270 <12 x 1073 90% 5070
3nt3n~ Kt K~ <15 x 104 90% 5017
3rt3r~ Kt K= =0 <7 x 104 90% 4999
4nt4n— <17 x 10~4 90% 5069
4t 47— 270 <6 x 104 90% 5039
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Xb1(2P) [bbbb] ,G(JPC) — 0+(1 + +)
J needs confirmation.
Mass m = 10255.46 + 0.22 + 0.50 MeV

mxbl(zp) — mxb0(2p) = 23.5 4+ 1.0 MeV

Xp1(2P) DECAY MODES Fraction (I';/T) p (MeV/c)
wT(1S) (1631339 % 135
v T(2S) (18 1 £19)% 230
v T(1S) (99 £1.0 )% 764
77 xp1(1P) (9.1 +1.3 )x 1073 238
DO X (88 £1.7)% -
T KtK— 70 (31 +£1.0 )x 1074 5075
oart T K KY (1.1 +05 )x10~4 5075
2t n” K= K2 270 (7.7 £32 )x 1074 5047
2t 27~ 270 (5.9 +£2.0 )x10~4 5104
ontor Kt K™ (10 +4 )x1075 5062
2t o= Kt K= 0 (55 +1.8 ) x 104 5047
2rtor— Kt K= 270 (10 +4 ) x10~4 5030
3rton” K= K0 (6.7 +£2.6 )x 1074 5029
3nt3r~ (1.2 £0.4 )x 1074 5103
3nt 37 270 (1.2 £04 )x 1073 5081
3rt3n Kt K™ (20 +0.8 )x1074 5029
3rt3r Kt K==l (61 +£22)x1074 5011
4nt 4~ (1.7 £06 ) x 1074 5080
4rt 47— 270 (1.9 £0.7 )x 1073 5051
xb2(2P) [Pbbrl 16G(JPCy = ot2+ 1)
J needs confirmation.
Mass m = 10268.65 + 0.22 + 0.50 MeV
mXb2(2P) — mXb1(2P) = 13.10 4+ 0.24 MeV
Xp2(2P) DECAY MODES Fraction (I';/T) Confidence level (MQV/C)
wT(1S) 10+33%) % 194
7 7T(2S) (8.9 £1.2 )% 242
v T(1S) (6.6 £0.8 )% 777
mrxp2(1P) (51 £0.9 ) x 103 229
DOXx <24 % 90% -
“KtK—#0 <11 x 10~4 90% 5082
2rt 7 K~ K <9 x 1075 90% 5082
+tam K~ K%2q0 <7 x 104 90% 5054
21t 27~ 270 (3.9 £1.6 ) x 10~4 5110
ontor Kt K™ (9 +4 )x1075 5068
2t o~ Kt K= 70 (24 £1.1 ) x 10~4 5054
2rtor— Kt K= 270 (4.7 +23 )x 1074 5037
3rton” K= K%l <4 x 10~4 90% 5036
3nt3r~ (9 +4 )x107° 5110
3rt 37~ 270 (12 £0.4 ) x 1073 5088
3rt 3~ Kt K™ (L4 £07 ) x10~% 5036

3rt3r Kt K= 0 (42 £1.7 ) x 1074 5017
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Ant4n— (9 +£5 )x1075 5087
4t 47— 270 (1.3 £05 ) x 1073 5058
T(3S) 1I6(JPCy =0—1— )
Mass m = 10355.2 + 0.5 MeV
m'r(35) — m'r(zs) = 331.50 = 0.13 MeV
Full width ' = 20.32 + 1.85 keV
e = 0.443 & 0.008 keV
Scale factor/ p
T(3S) DECAY MODES Fraction (I';/T) Confidence level (MeVjc)
T(2S)anything (106 + 0.8 )% 296
TSt (2.82+ 0.18) % S=1.6 177
7(25) 70 =0 (1.85+ 0.14) % 190
T(2S)v~y (50 £07)% 327
T(28)7° < 51 x1074  CL=90% 298
TSt ( 437+ 0.08) % 813
T(1S)n0=0 (2204 0.13) % 816
T(1S)n <1 x1074  CL=90% 677
T(18)x° < 7 x107%  CL=90% 846
hp(1P) 70 < 12 x1073  CL=90% 426
hp(1PY70 = ynp(1S)7° (43 + 1.4 )x1074 -
hp(1P)mt 7~ < 12 x1074  CL=90% 353
= ( 229+ 0.30) % 4863
wthp~ (2184 0.21) % S=2.1 5177
ete (2.18+ 0.20) % 5178
hadrons (93 +12 )% -
gg8 (35.7 £ 26 )% -
vgg (9.7 + 1.8 )x1073 -
2H anything (2.33+ 0.33) x107° -
Radiative decays
vxp2(2P) (131 + 1.6 )% S=3.4 86
vxp1(2P) (126 £ 1.2 )% S=2.4 99
Yxpo(2P) (59 £06)% S=1.4 122
Yxp2(1P) (10.0 + 1.0 ) x 1073 S=1.7 434
vxp1(1P) (9 +5 )x1074 S=1.8 452
¥Xbo(1P) (27 + 04 )x103 484
v1p(25) < 62 x1074  CL=90% 350
ynp(1S) (51 4+ 07 )x1074 912
A% s ~hadrons < 8 x107%  CL=90% -
vX — v+ > 4 prongs [ddbb] < 2.2 x1074  CL=95% -
yal = yutpm < 55 x1076  CL=90% -
yal - yrtr [eebb] < 1.6 x1074  CL=90% -
Lepton Family number (LF) violating modes
etrT LF < 42 x1076  CL=90% 5025
s LF < 31 x1076  CL=90% 5025
xb1(3P) 16(PC) =0t t )

Mass m = 10513.4 4+ 0.7 MeV
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also known as 7°(10580)

xb2(3P) 16(JPCy = ot2+ 1)
Mass m = 10524.0 & 0.8 MeV
T(4S) 16JPCy =01~ )

Mass m = 10579.4 £+ 1.2 MeV
Full width ' = 20.5 4+ 2.5 MeV
lee = 0.272 £ 0.029 keV (S = 1.5)

T(4S) DECAY MODES Fraction (I';/T) Confidence level (MZV/C)
BB > 96 % 95% 326
BtB~ (51.4 £06 )% 331
D} anything + c.c. (17.8 £2.6 )% -
BOBO (48.6 £0.6 )% 326
JIKS + (J/9, ne)KY < 4 % 10~7 90% -
non-BB < 4 % 95% -
ete ( 1.5740.08) x 1073 5290
ptp™ < 57 x 1076 90% 5233
K*(892)0 KO < 20 x 106 90% 5240
J/¥(1S) anything < 19 x 10~4 95% -
D** anything + c.c. < 74 % 90% 5099
¢ anything (71 +£06)% 5240
on < 18 x10~6 90% 5226
on' < 43 x 1076 90% 5196

on < 13 x107© 90% 5247
o < 25 x 106 90% 5217
T(1S) anything < 4 x 1073 90% 1053
TAS)nt 7~ (82 +£04)x1073 1026
T(1S)n ( 1.814+0.18) x 1074 924
TSy (34 £09)x107° -
TRS)rt 7~ (82 +£08)x1073 468
hp(1P)n ( 2.18+0.21) x 1073 390
2H anything < 13 x 1072 90% -

Double Radiative Decays

vy T(D) = yvnT(1S)

< 23 x 1075 90% -

See Particle Listings for 1 decay modes that have been seen / not seen.

Z,(10610)

was X(10610)

/G(JPC) — 1+(1+—)

Mass m = 10607.2 £+ 2.0 MeV
Full width ' = 18.4 4+ 2.4 MeV

Zb(10610) DECAY MODES Fraction (I';/T) p (MeV/c)
T1S)7t (5411 %1073 1077
T(2S)rt (36F1h)% 551
T(3S)7t (21108 % 207
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hp(1P) 7t (3510 % 671
hp(2P)mt (a7t % 313
B*B* + B**t B0 (656121 % -
See Particle Listings for 4 decay modes that have been seen / not seen.
Z,(10650) 16(JPCy =1+t )
I, G, C need confirmation.
was X (10650)*
Mass m = 10652.2 + 1.5 MeV
Full width ' = 11.5 + 2.2 MeV
Zp,(10650) ~ decay modes are charge conjugates of the modes below.
Zb(10650)+ DECAY MODES Fraction (I';/T) p (MeV/c)
T1S)7t (17408 <103 1117
TSt (14+38 % 595
T(3S)n+ (16+30) % 259
hp(1P) 7t (84129 % 714
hp(2P) 7t (15 +4 )% 360
B*+B*0 7 )% 122
See Particle Listings for 2 decay modes that have been seen / not seen.
T(10860) 1I6(JPCy =01~ )
Mass m = 10885.2 728 MeV
Full width ' = 37 + 4 MeV
Mee = 0.31 £0.07 keV (S = 1.3)
p
T(10860) DECAY MODES Fraction (I';/T) Confidence level  (MeV/c)
BBX (762 T30 % -
BB ( 55 +1.0)% 1322
BB* + cc. (137 £16 )% -
B*B* (381 £34)% 1127
BBWr < 197 % 90% 1015
BBw - (00 £1.2)% 1015
B*Bm + BB*m (73 £23)% -
B*B*m (1.0 £1.4)% 739
BBnm < 89 % 90% 551
B(S*)Eg*) (201 +3.1)% 905
BsB; (5 +5 )x1073 905
Bs E; + c.c ( 1.3540.32) % -
B; B} (176 £2.7 )% 543
no open-bottom (38 F50)% -
etem ( 83 £2.1)x106 5443
K*(892)0 KO < 10 x10=5 90% 5395
TAS)nt 7~ ( 53 +0.6)x103 1306
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TRS)rt 7~ (78 £13)x1073 783
T@3S)rt ( a8 *19 %1073 440
TAS)KT K~ ( 61 £1.8)x10~4 959
n T,(1D) ( 48 £1.1)x103 -
hy(1P) 7t 7~ ( 35 F19)x10°3 903
hp(2P)nt 7= ( 57 31 yx1073 544
xp7(1P) 7t 7~ =0 (25 +23)x1073 894
xpo(1P) 7~ 70 < 63 x 1073 90% 894
Xpo(1P)w < 39 x 1073 90% 631
xp0(1P) (7= 1) non—e < 48 x 1073 90% -
xp1(1P) 7 70 ( 1.8540.33) x 103 861
Xp1(1P)w ( 1.57+0.30) x 10~3 582
xp1(1P) (7t 7™ 1) on—ow ( 52 +£1.9 )x1074 -
xp2(1P) 7t 7 o0 ( 1.17+0.30) x 10~3 841
Xp2(1P)w (60 £27 )x1074 552
xp2(1P) (7T+7T—7r0)non—w (6 x4 )x1074 -
¥ Xp = 7 T(1S)w < 38 x 1073 90% -
Inclusive Decays.
These decay modes are submodes of one or more of the decay modes
above.
¢ anything (138 F22)% -
DO anything + c.c. (108 +8 )% -
Ds anything + c.c. (46 +6 )% -
J/ anything ( 2.06£0.21) % -
BO anything + c.c. (77 +8 )% -
Bt anything + c.c. (72 £6 )% -
7(11020) 16JPCy =01~ )
Mass m = 11000 + 4 MeV
Full width T = 2478 Mev
Mee = 0.130 & 0.030 keV
T(11020) DECAY MODES Fraction (I';/T) p (MeVc)
ete (54719) x 1076 5500
xo7(1P)wt = w0 (@ *t2 yx10-3 1007

8

See Particle Listings for 2 decay modes that have been seen / not seen.
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NOTES
In this Summary Table:
When a quantity has “(S = ...)" to its right, the error on the quantity has been
enlarged by the “scale factor” S, defined as S = /x2/(N — 1), where N is the
number of measurements used in calculating the quantity.
A decay momentum p is given for each decay mode. For a 2-body decay, p is the
momentum of each decay product in the rest frame of the decaying particle. For a
3-or-more-body decay, p is the largest momentum any of the products can have in
this frame.

[a] See the review on “Form Factors for Radiative Pion and Kaon Decays”
for definitions and details.

[b] Measurements of T'(e™ ve)/I(ut v,) always include decays with s,
and measurements of (e ve~y) and [(u*v,7) never include low-
energy v's. Therefore, since no clean separation is possible, we consider
the modes with +'s to be subreactions of the modes without them, and
let [I(etve) + M(p* )]/ Ttotal = 100%.

[c] See the 7+ Particle Listings in the Full Review of Particle Physics for
the energy limits used in this measurement; low-energy ~’s are not
included.

[d] Derived from an analysis of neutrino-oscillation experiments.
[
[

[g] C parity forbids this to occur as a single-photon process.

e] Astrophysical and cosmological arguments give limits of order 10713,
f] Forbidden by angular momentum conservation.

[h] The wp interference is then due to wp mixing only, and is expected to
be small. If ey universality holds, T(p% — ptp=™) =T(°® — ete)
x 0.99785.

[] See the “Note on a;(1260)” in the a;(1260) Particle Listings in
PDG 06, Journal of Physics G33 1 (2006).

[j] Our estimate. See the Particle Listings for details.

[k] See the note on “Non-qq mesons” in the Particle Listings in PDG 06,
Journal of Physics G33 1 (2006).

[] See also the w(1650).

[n] See also the w(1420).

[0] See the note in the K* Particle Listings in the Full Review of Particle
Physics.

[p] Neglecting photon channels. See, e.g., A. Pais and S.B. Treiman, Phys.
Rev. D12, 2744 (1975).

[g] The definition of the slope parameters of the K — 3x Dalitz plot is as
follows (see also “Note on Dalitz Plot Parameters for K — 37 Decays”
in the K=+ Particle Listings in the Full Review of Particle Physics):

M2 =1+ g(s3 — 50)/m72T+ + -
[r] For more details and definitions of parameters see Particle Listings in
the Full Review of Particle Physics.

[s] See the K* Particle Listings in the Full Review of Particle Physics for
the energy limits used in this measurement.

[t] Most of this radiative mode, the low-momentum ~ part, is also included
in the parent mode listed without +'s.

[u] Structure-dependent part.
[v] Direct-emission branching fraction.
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[x] Violates angular-momentum conservation.
[y] Derived from measured values of ¢, _, ¢go, Kol and
T <0, aS described in the introduction to “Tests of Conservation Laws.”
S

n

'|meg -m

[z] The CP-violation parameters are defined as follows (see also “Note on
CP Violation in Ks — 37" and “Note on CP Violation in K% Decay”
in the Particle Listings in the Full Review of Particle Physics):

) AKY - nt77)
Mom = Ipyfeitn- = ZOL T T oy
AKS — ntr7)
) A(KE — 7070)
oo = |mogle?0 = ————— = ¢ — 2¢
ool A(K% — 7070)
NKY - 7= tty) = (K) —» xte—v)
MKY = 7 tw) + T(K) = ntew)’
r(KOS N 71.~|» T TrO)CP viol.

r(K‘i — ata70)

|m(77+—0)2

r(Kg — 707070)

Im(nggg)? = ———«+—— .
000 r(K(Z — 7r071'o7r0)

where for the last two relations CPT is assumed valid, i.e., Re(ny_g) ~
0 and Re(nooo) ~ 0.

[aa] See the K% Particle Listings in the Full Review of Particle Physics for
the energy limits used in this measurement.

[bb] The value is for the sum of the charge states or particle/antiparticle
states indicated.

[cc] Re(€'/e) = €'/e to a very good approximation provided the phases
satisfy CPT invariance.

[dd] This mode includes gammas from inner bremsstrahlung but not the
direct emission mode K9 — 7+ 7~ ~(DE).

[ee] See the KE Particle Listings in the Full Review of Particle Physics for
the energy limits used in this measurement.

[ff] Allowed by higher-order electroweak interactions.

[gg] Violates CP in leading order. Test of direct CP violation since the
indirect CP-violating and CP-conserving contributions are expected to
be suppressed.

[hh] See the “Note on f;(1370)" in the fy(1370) Particle Listings in the Full
Review of Particle Physics and in the 1994 edition.

[ii] See the note in the L(1770) Particle Listings in Reviews of Modern
Physics 56 S1 (1984), p. S200. See also the “Note on K,(1770) and
the K»(1820)" in the K»(1770) Particle Listings in the Full Review of
Particle Physics.

[if] See the “Note on K,(1770) and the K»(1820)" in the K»(1770) Particle
Listings in the Full Review of Particle Physics.

[kk] This result applies to Z0 — ¢€ decays only. Here ¢* is an average
(not a sum) of et and ut decays.

[/ See the Particle Listings for the (complicated) definition of this quan-
tity.

[nn] The branching fraction for this mode may differ from the sum of the
submodes that contribute to it, due to interference effects. See the
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relevant papers in the Particle Listings in the Full Review of Particle
Physics.

[00] These subfractions of the K~ 27+ mode are uncertain: see the Particle
Listings.

[pp] Submodes of the D* — K~ 27+ 7% and K27 7~ modes were
studied by ANJOS 92C and COFFMAN 92B, but with at most 142
events for the first mode and 229 for the second — not enough for
precise results. With nothing new for 18 years, we refer to our 2008
edition, Physics Letters B667 1 (2008), for those results.

[qq] The unseen decay modes of the resonances are included.

[rr] This is not a test for the AC=1 weak neutral current, but leads to the
a T (T ¢~ final state.

[ss] This mode is not a useful test for a A C=1 weak neutral current because
both quarks must change flavor in this decay.

[tt] In the 2010 Review, the values for these quantities were given using a
measure of the asymmetry that was inconsistent with the usual defini-
tion.

[uu] This value is obtained by subtracting the branching fractions for 2-, 4-
and 6-prongs from unity.

[w]This is the sum of our K 2rtz—, K 2zxt7 a0,
R027r+271'7, KToK—xt, 2zt on—, 27r+27r77r0, KTK-xtx—, and
K+ K~ at 2z~ a0, branching fractions.

[xx] This is the sum of our K~37+ 27~ and 37+ 37~ branching fractions.

[yy] The branching fractions for the K~ et ve, K*(892)~ et ve, m~ T v,
and p~ et v modes add up to 6.17 £ 0.17 %.

[zz] This is a doubly Cabibbo-suppressed mode.

[aaa] Submodes of the DO — K37t 7~ 7% mode with a K* and/or p were
studied by COFFMAN 92B, but with only 140 events. With nothing
new for 18 years, we refer to our 2008 edition, Physics Letters B667 1
(2008), for those results.

[bbb] This branching fraction includes all the decay modes of the resonance
in the final state.

[ccc] This limit is for either DO or D to pe~.

[ddd] This limit is for either DO or D° to pet.

[eee] This is the purely et semileptonic branching fraction: the et fraction
from 71 decays has been subtracted off. The sum of our (non-7) et
exclusive fractions — an et v, with an n, o/, ¢, K% or K*0 — is
5.99 + 0.31 %.

[fff] This fraction includes 7 from 7’ decays.

[ggg] The sum of our exclusive n' fractions — 1’ et v, 0’ ut v, o' ™, o pT,
and KT —is 11.8 &+ 1.6%.

[hhh] This branching fraction includes all the decay modes of the final-state
resonance.

[iii] A test for uT or dd content in the D;’. Neither Cabibbo-favored nor
Cabibbo-suppressed decays can contribute, and w — ¢ mixing is an
unlikely explanation for any fraction above about 2 x 104,

[iif] We decouple the Dz' — ¢m™T branching fraction obtained from mass
projections (and used to get some of the other branching fractions)
from the Dj — ¢+, ¢ - KT K~ branching fraction obtained from
the Dalitz-plot analysis of D;" — KT K~ xt. That is, the ratio of
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these two branching fractions is not exactly the ¢ — K+ K~ branching
fraction 0.491.

[kkk] This is the average of a model-independent and a K-matrix parametriza-
tion of the ™ 7~ S-wave and is a sum over several fy mesons.

[/l An ¢ indicates an e or a i mode, not a sum over these modes.
[nnn] An CP(+1) indicates the CP=+1 and CP=—1 eigenstates of the DO-
DO system.
[000] D denotes DO or D°.
[ppp] DYy, decays into D070 with the DO reconstructed in CP-even eigen-
states KT K~ and 7 7™,
[gqq] D** represents an excited state with mass 2.2 < M < 2.8 GeV/c2.
[rrr] xc1(3872)* is a hypothetical charged partner of the x1(3872).

[sss] ©(1710)** is a possible narrow pentaquark state and G(2220) is a
possible glueball resonance.

[ttt] (A7 p)s denotes a low-mass enhancement near 3.35 GeV/c2.

[uuu] Stands for the possible candidates of K*(1410), K{(1430) and
K3(1430).

[vw] B® and BY contributions not separated. Limit is on weighted average
of the two decay rates.

[xxx] This decay refers to the coherent sum of resonant and nonresonant JP
=01 K components with 1.60 < mg, < 2.15 GeV/c2.

[yyy] X(214) is a hypothetical particle of mass 214 MeV/c? reported by the
HyperCP experiment, Physical Review Letters 94 021801 (2005)

[zzz] ©(1540)" denotes a possible narrow pentaquark state.

[aaaa] Here S and P are the hypothetical scalar and pseudoscalar particles
with masses of 2.5 GeV/c? and 214.3 MeV/c?, respectively.

[bbaa] These values are model dependent.

[ccaa] Here “anything” means at least one particle observed.

[ddaa] This is a B(B® — D*~ ¢+ 1) value.

[eeaa] D** stands for the sum of the D(11P;), D(13Py), D(13P;), D(13P,),
D(21Sy), and D(21S;) resonances.

[ffaa] D)D) stands for the sum of D*D*, D*D, DD*, and DD.

[ggaa] X(3915) denotes a near-threshold enhancement in the wJ/vy mass
spectrum.

[hhaa] Inclusive branching fractions have a multiplicity definition and can be
greater than 100%.

[iiaa] D; represents an unresolved mixture of pseudoscalar and tensor D**
(P-wave) states.

[jjaa] Not a pure measurement. See note at head of B2 Decay Modes.
[kkaa] For E., > 100 MeV.
[Mfaa] Includes ppm™ 7=~ and excludes ppn, pPw, pp7'-

[nnaa] See the “Note on the 7(1405)" in the 1(1405) Particle Listings in the
Full Review of Particle Physics.

[ooaa] For a narrow state A with mass less than 960 MeV.
[ppaa] For a narrow scalar or pseudoscalar AD with mass 0.21-3.0 GeV.
[ggaa] For a narrow resonance in the range 2.2 < M(X) < 2.8 GeV.
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[rraa] JPC known by production in et e~ via single photon annihilation.

1G is not known; interpretation of this state as a single resonance is
unclear because of the expectation of substantial threshold effects in
this energy region.

[ssaa] 2m, < M(7t77) < 9.2 GeV

[ttaa] 2 GeV < m, ¢y - < 3 GeV

[uvaal X = scalar with m < 8.0 GeV

[waa] XX = vectors with m < 3.1 GeV

[xxaa] X and X = zero spin with m < 4.5 GeV

[yyaal 1.5 GeV < my < 5.0 GeV

[zzaa] 201 MeV < M(u+ ™) < 3565 MeV

[aabb] 0.5 GeV < myx < 9.0 GeV, where my is the invariant mass of the
hadronic final state.

[bbbb] Spectroscopic labeling for these states is theoretical, pending experi-
mental information.

[ccbb] 1.5 GeV < mx < 5.0 GeV

[ddbb] 1.5 GeV < mx < 5.0 GeV

[eebb] For m_, __ in the ranges 4.03-9.52 and 9.61-10.10 GeV.

T
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N BARYONS
(5=0, I=1/2)

p, Nt =uud;  n, NO = udd

10P) = 33)
Mass m = 1.00727646662 + 0.00000000009 u (S = 3.1)
Mass m = 938.272081 + 0.000006 MeV 2]
|mp — mp|/mp < 7x 10710, CL = 90% [Pl
,‘,’7—2}/(,‘,’7—1) = 1.00000000000 + 0.00000000007
lap + qp| /e < 7x 10710, CL = 90% (V]
lap + ge|/e < 1x 10721 €]
Magnetic moment y = 2.7928473446 - 0.0000000008 /1
(1p + 1p) / mp = (0.002 £ 0.004) x 108
Electric dipole moment d < 0.021 x 10~23 ecm
Electric polarizability o = (11.2 4 0.4) x 10~4 fm3

Magnetic polarizability 8 = (2.5 + 0.4) x 10~* fm3 (S =1.2)

Charge radius, pp Lamb shift = 0.84087 = 0.00039 fm ]

Charge radius = 0.8409 & 0.0004 fm [d]

Magnetic radius = 0.851 + 0.026 fm [€]

Mean life 7 > 3.6 x 1022 years, CL = 90% []
mode)

Mean life 7 > 103! to 1033 years [l (mode dependent)

See the “Note on Nucleon Decay” in our 1994 edition (Phys. Rev. D50, 1173)
for a short review.

The “partial mean life” limits tabulated here are the limits on 7/B;, where 7 is
the total mean life and B; is the branching fraction for the mode in question.
For N decays, p and n indicate proton and neutron partial lifetimes.

(p — invisible

Partial mean life p
p DECAY MODES (1030 years) Confidence level  (MeVjc)
Antilepton + meson

N— etn > 5300 (n), > 16000 (p) 90% 459
N— ptr > 3500 (n), > 7700 (p) 90% 453
N— v > 1100 (n), > 390 (p) 90% 459
p— etp > 10000 90% 309
p— ptn > 4700 90% 297
n— vn > 158 90% 310
N— etp > 217 (n), > 720 (p) 90% 149
N— ptp > 228 (n), > 570 (p) 90% 113
N — vp > 19 (n), > 162 (p) 90% 149
p— etw > 1600 90% 143
p— utw > 2800 90% 105
n— vw > 108 90% 144
N — etK > 17 (n), > 1000 (p) 90% 339
N— utK > 26 (n), > 1600 (p) 90% 329
N— vK > 86 (n), > 5900 (p) 90% 339

n— vk > 260 90% 338
p— et K*(892)° > 84 90% 45
N — vK*(892) > 78 (n), > 51 (p) 90% 45
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Antilepton + mesons

etntn™ > 82
etnlr0 > 147
et n a0 > 52
/L+ rtr~ > 133
p,+ 7070 > 101
pta— a0 >74
et KOr— >18
Lepton + meson
et > 65
no at > 49
e p+ > 62
-+
wop >7
e” Kt >32
po KT > 57

Lepton + mesons

p— € atat > 30

n— e ata0 > 29

p— u Tt > 17

n— pu- at a0 >34

p— e wt Kt >75

p— p wtKT > 245
Antilepton + photon(s)

p— ety > 670

p— pty > 478

n— vy > 550

p— ety > 100

n— vyy > 219

Antilepton + single massless

p— etX > 790

p— utXx > 410
Three (or more) leptons

p— etete™ > 793

p— et u+ no > 359

p— etvy > 170

n— ete v > 257

n— ;ﬂL e v > 83

n— ;DL nov > 79

p— ptete > 529

p— ,u+ u* no > 675

p— ptvv > 220

p— e /f" u"’ >6

n— 3v >5x10"4

Inclusive modes

N — et anything > 0.6 (n, p)

N — ptanything > 12 (n, p)

N — et a0anything > 0.6 (n, p)
AB = 2 dinucleon modes

The following are lifetime limits per iron nucleus.
pp — atat > 1722

pn— 70 > 170

90%
90%
90%
90%
90%
90%
90%

90%
90%
90%
90%
90%
90%

90%
90%
90%
90%
90%
90%

90%
90%
90%
90%
90%

90%
90%

90%
90%
90%
90%
90%
90%
90%
90%
90%
90%
90%

90%
90%
90%

90%
90%

448
449
449
425
427
427
319

459
453
150
115
340
330

448
449
425
427
320
279

469
463
470
469
470
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nn— 7t~ >07 90% -
nn— 7070 > 404 90% -
pp — KTK* > 170 90% -
pp — etet >5.8 90% -
pp — et ut >3.6 90% -
pp — ptput >17 90% -
pn— et > 260 90% -
pn— uto > 200 90% -
pn— 77D, >29 90% -
nn — Velg > 1.4 90% -
nn— v,v, >1.4 90% -
pn — invisible >21x1072 90% -
pp — invisible >5x1073 90% -

p DECAY MODES
Partial mean life p

Mode (years) Confidence level (MeV/c)
pP— ey >7x10° 90% 469
P— uy >5x 104 90% 463
p— e >4x105 90% 459
p— p a0 > 5 x 104 90% 453
P— e n >2x 104 90% 309
pP— un >8x 103 90% 297
p— e K% > 900 90% 337
P— p K% >4 x103 90% 326
p— e K >9x103 90% 337
p— pKY >7x103 90% 326
P— e vy >2x 104 90% 469
pP—= u vy >2x10% 90% 463
p— € w > 200 90% 143
[] 1UP) = 33H)

Mass m = 1.0086649159 + 0.0000000005 u
Mass m = 939.565413 = 0.000006 MeV [4]
(my —mz)/ my=(9+6)x107°
mp — mp = 1.2933321 + 0.0000005 MeV
= 0.00138844919(45) u

Mean life 7 = 879.4 £ 0.6 s (S =1.6)

or = 2.6362 x 108 km
Magnetic moment p = —1.9130427 + 0.0000005 pp

Electric dipole moment d < 0.18 x 10~2% ecm, CL = 90%

Mean-square charge radius {r2) = —0.1161 £ 0.0022
fm?2 (S =13)

Magnetic radius 1/{r3,) = 0.864 13992 fm

Electric polarizability o = (11.8 + 1.1) x 1074 fm3

Magnetic polarizability 8 = (3.7 £ 1.2) x 10~4 fm3

Charge g = (—02+£0.8) x10~2L ¢

Mean nn-oscillation time > 8.6 x 107 s, CL = 90% (free n)
Mean n7i-oscillation time > 2.7 x 108 s, CL = 90% 8] (bound n)
Mean nn’-oscillation time > 448's, CL = 90% ]
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pe~ ve decay parameters [']
A=ga/ gy = —1.2756 + 0.0013 (S = 2.6)
A= —0.11958 £ 0.00021 (S = 1.2)
B = 0.9807 = 0.0030
C = —0.2377 £ 0.0026
a=—0.1059 & 0.0028
bay = (180.017 + 0.026)° Ul
D=(-12+20)x1074
R = 0.004 + 0.013 [4]

P

n DECAY MODES Fraction (T';/T) Confidence level (MeV/c)

pe Vg 100 % 1

pe Ty N ( 9.240.7)x 1073 1

hydrogen-atom 7, < 27 x 1073 95% 1.19

Charge conservation (Q) violating mode

PUeTe Q < 8 x 10727 68% 1

N(1440) 1/2F 1Py =33

Re(pole position) = 1360 to 1380 (= 1370) MeV
—2Im(pole position) = 160 to 190 (~ 175) MeV
Breit-Wigner mass = 1410 to 1470 (~ 1440) MeV
Breit-Wigner full width = 250 to 450 (~ 350) MeV

The following branching fractions are our estimates, not fits or averages.

N(1440) DECAY MODES Fraction (I';/T) p (MeVjc)

N7 55-75 % 398

Nn <1% i

N7 17-50 % 347
A(1232)m, P-wave 6-27 % 147
No 11-23 % -

p~y, helicity=1/2 0.035-0.048 % 414

n+y, helicity=1/2 0.02-0.04 % 413
N(1520) 3/2~ 0Py =3G37)

Re(pole position) = 1505 to 1515 (~ 1510) MeV
—2Im(pole position) = 105 to 120 (~ 110) MeV
Breit-Wigner mass = 1510 to 1520 (~ 1515) MeV
Breit-Wigner full width = 100 to 120 (~ 110) MeV

The following branching fractions are our estimates, not fits or averages.

N(1520) DECAY MODES Fraction (T';/T) p (MeV/c)
N7 55-65 % 453
Nn 0.07-0.09 % 142
N7 25-35 % 410
A(1232)w 22-34 % 225
A(1232) 7, S-wave 15-23 % 225

A(1232) 7, D-wave 7-11% 225
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No <2% -

Py 0.31-0.52 % 467
p~y, helicity=1/2 0.01-0.02 % 467
p~y, helicity=3/2 0.30-0.50 % 467

ny 0.30-0.53 % 466
n+y, helicity=1/2 0.04-0.10 % 466
n+y, helicity=3/2 0.25-0.45 % 466
N(1535) 1/2~ 10P) = 337)

Re(pole position) = 1500 to 1520 (~ 1510) MeV
—2Im(pole position) = 110 to 150 (~ 130) MeV
Breit-Wigner mass = 1515 to 1545 (~ 1530) MeV
Breit-Wigner full width = 125 to 175 (~ 150) MeV

The following branching fractions are our estimates, not fits or averages.

N(1535) DECAY MODES Fraction (I'; /T) p (MeVc)
N7 32-52 % 464
Nn 30-55 % 176
Nmm 3-14 % 422
A(1232) 7, D-wave 1-4 % 240

No 2-10 % -
N(1440) 5-12 % i
py, helicity=1/2 0.15-0.30 % 477
n+y, helicity=1/2 0.01-0.25 % 417

N(1650) 1/2—, N(1675) 5/2~, N(1680) 5/2%, N(1700) 3/2—, N(1710) 1/2%,
N(1720) 3/21F, N(1875) 3/2—, N(1880) 1/2F, N(1895) 1/2—, N(1900) 3/2
N(2060) 5/2—, N(2100) 1/2t, N(2120) 3/2—, N(2190) 7/2—, N(2220) 9/2+
N(2250) 9/2—, N(2600) 11/2~

The N resonances listed above are omitted from this Booklet but not
from the Summary Table in the full Review.

A BARYONS
(5=0, I=3/2)

ATt = yuu, At =uwud, A% =udd, A~ =ddd

A(1232) 3/2 1Py =33

Re(pole position) = 1209 to 1211 (~ 1210) MeV

—2Im(pole position) = 98 to 102 (~ 100) MeV

Breit-Wigner mass (mixed charges) = 1230 to 1234 (~ 1232) MeV
Breit-Wigner full width (mixed charges) = 114 to 120 (~ 117) MeV
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The following branching fractions are our estimates, not fits or averages.

A(1232) DECAY MODES Fraction (I';/T) p (MeVje)
Nm 99.4 % 229
N~y 0.55-0.65 % 259
N+, helicity=1/2 0.11-0.13 % 259
N~, helicity=3/2 0.44-0.52 % 259

pete™ (4240.7) x 1075 259
A(1600) 3/2t 0P = 3G
Re(pole position) = 1460 to 1560 (~ 1510) MeV
—2Im(pole position) = 200 to 340 (=~ 270) MeV
Breit-Wigner mass = 1500 to 1640 (=~ 1570) MeV
Breit-Wigner full width = 200 to 300 (~ 250) MeV
The following branching fractions are our estimates, not fits or averages.
A(1600) DECAY MODES Fraction (I';/T) p (MeV/c)
N7 8-24 % 492
Nrm 75-90 % 454
A(1232) 7 73-83 % 276
A(1232)w, P-wave 72-82 % 276
A(1232)w, F-wave <2% 276
N(1440)7, P-wave 15-25 % i
N~ 0.001-0.035 % 505
N+, helicity=1/2 0.0-0.02 % 505
N7, helicity=3/2 0.001-0.015 % 505
A(1620) 1/2~ 0P =3G7)
Re(pole position) = 1590 to 1610 (~ 1600) MeV
—2Im(pole position) = 100 to 140 (~ 120) MeV
Breit-Wigner mass = 1590 to 1630 (~ 1610) MeV
Breit-Wigner full width = 110 to 150 (=~ 130) MeV
The following branching fractions are our estimates, not fits or averages.
A(1620) DECAY MODES Fraction (I';/T) p (MeV/c)
N7 25-35 % 520
Nrmm 55-80 % 484
A(1232)m, D-wave 52-72 % 311
N(1440) 7 3-9% 98
N+, helicity=1/2 0.03-0.10 % 532

See Particle Listings for 2 decay modes that have been seen / not seen.

A(1700) 3/2—, A(1900) 1/2—, A(1905) 5/2F, A(1910) 1/2t, A(1920) 3/2,
A(1930) 5/2—, A(1950) 7/2F, A(2200) 7/2—, A(2420) 11/2t

The A resonances listed above are omitted from this Booklet but not
from the Summary Table in the full Review.
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A BARYONS
(S=-1,1=0)

A0 = uyds

1JPy = 0(3h)

Mass m = 1115.683 =+ 0.006 MeV
(mp—mz) / mp=(-01+11)x10"° (S=16)
Mean life 7 = (2.632 + 0.020) x 10~10s (S = 1.6)
(ta — 75) / Ta = —0.001 = 0.009
cr =7.89 cm
Magnetic moment y = —0.613 £ 0.004 up
Electric dipole moment d < 1.5 x 10716 ecm, CL = 95%

Decay parameters

pr~ a_ =0732+0.014 (S=23)
prt ay = —0.758 £ 0.012
ag FORA — an® = —0.692 + 0.017
pr— ¢_ = (—6.5+ 3.5)°
" y_ = 0.76 1

" A_ = (8 & 4)p [
@ /ayinA— nn, A — prt =0.913 + 0.030
R=[Gg/Gm|iInA— pr—, A= prt =096 +0.14

Ad=dp — OyrinA— pr, A— Prt =37 + 13 degrees

p
(MeV/c)

nx0 ap = 0.74 £+ 0.05

pe Te ga/gy = —0.718 + 0.015 [/
A DECAY MODES Fraction (I';/T) Confidence level
pr~ (63.9 +05 )%
nw (35.8 £0.5 )%
ny ( 1.75+0.15) x 103
pTT o] (84 +1.4)x1074
pe e ( 8.32+0.14) x 10~4
P T, ( 1.57+0.35) x 1074

Lepton (L) and/or Baryon (B) number violating decay modes

ate” LB < 6 x10~7 90%
T LB < 6 x10~7 90%
T et LB < 4 x 107 90%
ot LB < 6 x 107 90%
Kte™ LB < 2 x 1076 90%
Ktp~ LB < 3 x 1076 90%
K~ et LB < 2 x 106 90%
K= ut LB < 3 x 106 90%
Kv LB < 2 x 1075 90%
prt B <9 x10~7 90%

101
104
162
101
163
131

549
544
549
544
449
441
449
441
447
101
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A(1405) 1/2~ 1Py =0(37)

Mass m = 1405.1ﬂ:8 MeV
Full width ' = 50.5 & 2.0 MeV
Below K N threshold

/A(1405) DECAY MODES Fraction (F';/T) p (MeVjc)
PRy 100 % 155
A(1520) 3/2~ 1Py =0(37)
Mass m = 1518 to 1520 (= 1519) MeV (7]
Full width T = 15 to 17 (= 16) MeV [Pl
A(1520) DECAY MODES Fraction (;/T) p (MeVjc)
NK (45 1 )% 242
7 42 £1 )% 268
ViV (10 +1 )% 259
s (09 +01)% 168
Ny (1 0.85+0.15) % 350

A(2350) 9/2+

A(1600) 1/2%, A(1670) 1/2—, A(1690) 3/2—, A(1800) 1/2—, A(1810) 1/2t,
A(1820) 5/2, A(1830) 5/2—, A(1890) 3/2F, A(2100) 7/2—, A(2110) 5/2t,

The A resonances listed above are omitted from this Booklet but not

from the Summary Table in the full Review.

> BARYONS
(S=-1,1=1)

st =yus, ¥9=uds, ¥~ =dds

r+ 0Py =131

Mass m = 1189.37 £+ 0.07 MeV (S =2.2)
Mean life 7 = (0.8018 & 0.0026) x 10710 5

cr = 2.404 cm

(rg+ — T5-) / Tg+ = —0.0006 £ 0.0012
Magnetic moment p = 2.458 £ 0.010 upy (S = 2.1)

(bg+ + py-) / pgs = 0.014 £0.015

(Xt — nltv)/T(E~ = nt"v) < 0.043

Decay parameters

pr® ag = —0.9807 5517
" ¢o = (36 £ 34)°
" 7o = 0.16 ]

" Do = (187 £ 6)° 17l
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nt ap = 0.068 £ 0.013
" ¢y = (167 £20)° (S =1.1)
" 74 = —097[1]
" Ay = (—737133)0 [1]
Py a, = —0.76 = 0.08
p
s+ DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
pr0 (51.57£0.30) % 189
nwt (48.31£0.30) % 185
Py ( 1.234+0.05) x 10~3 225
naty [o] (45 +05)x10~4 185
Net v, (20 £05)x107° 71
AS = AQ (SQ) violating modes or
AS = 1 weak neutral current (S1) modes
netug SQ <5 x 1076 90% 224
nptu, sQ < 3.0 x 1073 90% 202
pete~ s1 < 7 x 106 225
put s1 (24 T17)x10-8 121
X0 1Py =13 %)
Mass m = 1192.642 £+ 0.024 MeV
My — Mgy = 4.807 £ 0.035 MeV (S = 1.1)
Mso — My = 76.959 & 0.023 MeV
Mean life 7 = (7.4 £ 0.7) x 10720 s
or=22x10""m
Transition magnetic moment |y 4| = 1.61 & 0.08 1y
p
0 DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
Ny 100 % 74
Nyy < 3% 90% 74
Nete™ [q 5x1073 74
r- 1Py =16

Mass m = 1197.449 + 0.030 MeV (S =1.2)

mg_ — mg, =808 +0.08 MeV (S =1.9)

My — mp = 81766 £ 0.030 MeV (S =12)

Mean life 7 = (1.479 + 0.011) x 10~10s (S = 1.3)
cr = 4.434 cm

Magnetic moment = —1.160 £ 0.025 upy

Y~ charge radius = 0.78 £+ 0.10 fm

Decay parameters

(S =17)

nm— a_ = —0.068 = 0.008
" ¢_ = (10 & 15)°
" ~_ = 0.98 [

" A_ = (2497 33)° 1)
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ne v, ga/gv = 0.340 + 0.017 [/
" £(0)/f,(0) = 0.97 + 0.14
" D =10.11 4+ 0.10

Ne~ 7, gv/ga=001+0100l1 (S=15)
" gWM/gA:2~4i1-7 1]

£~ DECAY MODES Fraction (I';/T) p (Mevjc)
nm~ (99.848+0.005) % 193
nmT [o]( 46 +06 )x10~4 193
ne” ve ( 1.017+0.034) x 103 230
nuT o, (45 +04 )x10~4 210
Ne™ g (573 £0.27 ) x107° 79
¥ (1385) 3/2+ 1Py =13%)

> (1385)tmass m = 1382.80 & 0.35 MeV (S = 1.9)

5(1385)° mass m = 1383.7 + 1.0 MeV (S = 1.4)

X (1385)"mass m = 1387.2 + 0.5 MeV (S = 2.2)

5(1385)F full width I = 36.0 £ 0.7 MeV

5 (1385) full width I = 36 + 5 MeV

(1385)full width T = 39.4 £ 2.1 MeV (S = 1.7)

Below K N threshold
P
¥(1385) DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
Am (87.0 £1.5 )% 208
Xr (11.7 £15 )% 129
i (125+98) %
Tty (7.0 £1.7 ) x 103 180
Sy < 24 x10~4 90% 173
X(1660) 1/27F 1Py =13

Re(pole position) = 1585 + 20 MeV

—2Im(pole position) = 2907143 MeV

Mass m = 1640 to 1680 (~ 1660) MeV

Full width T = 100 to 300 (~ 200) MeV
X(1660) DECAY MODES Fraction (I';/T) p (MeVjc)
NK 0.05 to 0.15 (~ 010) 405
Am (35 £12 )% 440
X7 (37 +10 )% 387
Yo 20 +£8 )% -
A(1405) 7 (4.0 +20)% 199

5(1670) 3/2—, X(1750) 1/2—, X(1775) 5/2—, £(1915) 5/2+,
X(1940) 3/2—, £(2030) 7/2+, X(2250)

The X resonances listed above are omitted from this Booklet but not
from the Summary Table in the full Review.
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= BARYONS
(§=-2,1=1/2)

=0 = yss, == =dss
=0 1UP) = 13)
P is not yet measured; + is the quark model prediction.
Mass m = 1314.86 £+ 0.20 MeV
m=_ — mzo = 6.85 & 0.21 MeV
Mean life 7 = (2.90 4 0.09) x 107105
cr = 8.7l cm
Magnetic moment y = —1.250 £ 0.014 pp
Decay parameters
Ax0 a = —0.356 + 0.011
" ¢ = (21 +12)°
" v =0.85 1]
" A= (2187135 In]
Ny a=-0.70 £ 0.07
Nete~ a=-08+02
304 a = —0.69 + 0.06
Tte ve g(0)/A(0) = 1.22 £0.05
Ite ve 1£(0)/f(0) =2.0£0.9
p
=0 DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
A0 (99.52440.012) % 135
Ny ( 117 £0.07 ) x 103 184
Nete™ (76 +£06 )x10° 184
504 (3.33 £0.10 ) x 103 117
Ste v, (252 £0.08 ) x 10~4 120
Ttuw, (233 £0.35 ) x 10~° 64
AS = AQ (SQ) violating modes or
AS = 2 forbidden (52) modes
T=etu, Q@ < 9 x 1074 90% 112
I pty, Q@ < 9 x 10~4 90% 49
pr— 52 < 8 x 1076 90% 299
pe Ue s2 < 13 x 1073 323
pu T, $2 < 13 x 1073 309

= 10P) =33

P is not yet measured; + is the quark model prediction.

Mass m = 1321.71 4+ 0.07 MeV
(mz= —m=) / m=_ = (=3+9) x107°
Mean life 7 = (1.639 & 0.015) x 10710 s

cr =491 cm
(t=— — 7=4) / 7=— = —0.01 £ 0.07
Ma_gnetic moment ;:: —0.6507 + 0.0025 pupy
(W= + p=4) / |=—| = +0.01 £ 0.05
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Decay parameters
An— a = —0.401 + 0.010
[a(Z7)a(A) — a(EH)as(A)] / [sum] = (0 +7) x 1074
" 6 =(-21£08)°
" v =0.89 [
" A = (175.9 + 1.5)° "]
Ae"Te  ga/gv = —0.25 + 0.05 1]

P
=~ DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
A~ (99.887+0.035) % 140
Iy (1.27 +0.23 )x 1074 118
Ne™ g (5.63 £0.31 )x 1074 190

__ 35 -
A=, (35 133 )x10* 163
507, (87 +17 )x107° 123
0u=7, < 8 x10~4 90% 70
e 7, < 23 x 1073 90% 7
AS = 2 forbidden (52) modes

nw~ 52 < 19 x 1075 90% 304
ne” v, 52 < 32 x 103 90% 327
np=v, S2 < 15 % 90% 314
pr T $2 < 4 x 1074 90% 223
pTT € Ve $2 < 4 x 1074 90% 305
pTT uT T, s2 < 4 x 1074 90% 251
puTu” L < 4 x 1078 90% 272

= Py_ 13

=(1530) 3/2t 107) =331

Z(1530)° mass m = 1531.80 + 0.32 MeV (S = 1.3)
=(1530)" mass m = 1535.0 & 0.6 MeV

=(1530)° full width I = 9.1 & 0.5 MeV
Z(1530)~ full width I = 9.971F MeV

p
=(1530) DECAY MODES Fraction ([;/T) Confidence level (MeV/c)
=7 100 % 158
=y <37% 90% 202

=(1690), =(1820) 3/2—, =(1950), =(2030)

The = resonances listed above are omitted from this Booklet but not
from the Summary Table in the full Review.
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(5=-3,1=0)
2~ =sss
Q- 10P) =03 h)
JP = %* is the quark-model prediction; and J = 3/2 is fairly well
established.
Mass m = 1672.45 £+ 0.29 MeV
(Mo —mgy) [ mgp = (-1+£8)x 1075
Mean life 7 = (0.821 + 0.011) x 10710 5
cr = 2.461 cm
(To- — 7g+) [/ To- =0.00 £ 0.05
Magnetic moment p = —2.02 4 0.05 upy
Decay parameters
a(R7) a_(A) FOR 2= — AK™ = 0.0115 + 0.0015
AK™ « = 0.0157 £ 0.0021
AK=, AKT (a + @)/(a —a) = —0.02 £ 0.13
0 a=0.09+0.14
=0 a=0.05+021
P
2~ DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
ANK™ (67.840.7) % 211
=~ (23.6+£0.7) % 294
=70 ( 8.6+0.4) % 289
= ata (37150 x 1074 189
=(1530)%7~ <7 x 1075 90% 17
07, (5.6+28) x1073 319
=y < 46 x10~4 90% 314
AS = 2 forbidden (S2) modes
Ar~ s2 < 29 x 106 90% 449
02(2012)~ 1UP) = 0(77)
Mass m = 2012.4 + 0.9 MeV
Full width T = 6.4132 Mev
p
£2(2012)~ DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
=0K- DEFINED AS 1 403
=-KO 0.83+0.21 392
Z0a0k- <0.30 90% 245
Z0—KO <0.21 90% 230
ZrtK- <0.08 90% 224
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2(2250)~ 1Py = 0(7%)

Mass m = 2252 + 9 MeV
Full width ' = 55 + 18 MeV

CHARMED BARYONS
(C=+1)

+ _ +4+ _ + _ 0 _
AL =wudce, E7 =uwuc, ¥l =udc, ¥ =ddc,

_:2' = usc, _:2 =dsc, Qg =ssc
" 1Py =031
Mass m = 2286.46 + 0.14 MeV
Mean life 7 = (202.4 £ 3.1) x 1071%s (S =1.7)
cr = 60.7 um
Decay asymmetry parameters
Ant a = —0.84 £ 0.09
Ttq0 a=-0.55+0.11
aFORAT — X0zt = 073 +£0.18
Aty o= —0.86+ 0.04
a FORAY — pKY=02+05
(a +@)/(a—a) in Af —» Axt, A7 = Ax~ = —0.07 £ 0.31
(a+@)/(a—a) in Af = Aetve, A7 = Ae™ T = 0.00 £ 0.04
Acp(AX)in Ae = AX, Ac = AX = (2 +7)%
AAcp = Acp(AT = pKYK™) — Acp(At — prata™) =
03+ 1.1)%
Branching fractions marked with a footnote, e.g. [a], have been corrected
for decay modes not observed in the experiments. For example, the submode
fraction Az“ — pK*(892)0 seen in Az“ — pK— =t has been multiplied up
to include K*(892)0 — K970 decays.
Scale factor/ p
A;__" DECAY MODES Fraction (T';/T) Confidence level (MeV/c)
Hadronic modes with a p or n: S = —1 final states
pK2 ( 1.59+ 0.08) % s=1.1 873
pK—nt (6.28+ 0.32)% S=1.4 823
pK*(892)° [l (1.96% 027)% 685
A(1232)T T K= (1.08+ 0.25) % 710
A(1520) 7t [l (22 +05)% 628
p K~ w1 nonresonant (35 + 04)% 823
pK%aO (1.97+ 0.13) % s=1.1 823
nK%at (1.82+ 0.25) % 821
pKOn (1.6 £ 0.4 )% 568
pKYmta~ ( 1.60+ 0.12) % S=1.1 754
pK—atxl ( 446+ 0.30) % S=15 759
pK*(892)~nt [l (1.4 +05)% 580
P (K™ 7 nonresonant 7° (46 £08)% 759
pK=2ntn™ (14 £ 09 )x1073 671
pK~at 270 (1.0 £ 05 )% 678
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Hadronic modes with a p: S = 0 final states

pr? < 27 x10~4  CL=90% 945
pn ( 124+ 0.30) x 103 856
pw(782)° (9 +4 )x107% 751
prtr~ (461% 0.28) x 1073 927
pf(980) [l (35 + 23)x1073 614
p2nton— (23 + 1.4 )x1073 852
pKT K~ ( 1.06+ 0.06) x 1073 616
po [r] (1.06+ 0.14) x 10~3 590
pKT K~ non-¢ (53 + 12 )x1074 616
pom? (10 +4 )x1075 460
pK* K~ 70 nonresonant < 63 x1075  CL=90% 494
Hadronic modes with a hyperon: S = —1 final states
Art ( 1.30+ 0.07) % S=1.1 864
Ant 70 (71 £04)% S=1.1 844
Apt < 6 % CL=95% 636
Ar—2xt ( 3.64% 0.29) % S=1.4 807
>(1385)tnt =, It — (1.0 £ 05)% 688
At
X(1385)"27xt, X* — An~ (76 + 1.4 )x 1073 688
Ant p0 (15 £ 06)% 524
5(1385)tp0, =¥t = Axt (5 +4 )x103 363
Az~ 27t nonresonant < 11 % CL=90% 807
Arn~ 7027t total (23 +08)% 757
Antny [r] ( 1.8+ 0.26) % 691
> (1385)*tn [l (91 + 20 )x1073 570
Atw [l (15 +05)% 517
An~ 7927, nonorw < 8 x1073  CL=90% 757
AKTKO (57 + 1.1 )x1073 $=1.9 443
Z(1690)° K+, =0 & AKO (16 + 05)x1073 286
30qt ( 1294 0.07) % s=1.1 825
stq0 ( 1.25+ 0.10) % 827
>ty (44 +20)x1073 713
>ty (15 +06)% 391
stoto— ( 450+ 0.25) % $=1.3 804
0 < 17 % CL=95% 575
y—ont (1.87+ 0.18) % 799
S0pt 0 (35 £ 04)% 803
>ta050 ( 155+ 0.15) % 806
0= ont ( 111+ 0.30) % 763
Stata—x0 — 767
Stw [l (1.70+ 0.21)% 569
> rlort (21 +£04)% 762
StKTK— (35 + 04 )x1073 S=1.1 349
>te [l (39 + 06 )x1073 S=1.1 295
Z(1690)0K*, =*0 5 s+ K- ( 1.024 0.25) x 1073 286
>+ K+ K~ nonresonant < 8 x107%  CL=90% 349
=0kt (55 + 07 )x1073 653
= Ktat (62 + 06 )x1073 S=1.1 565
Z(1530)° K+ (43 +09)x103 s=1.1 473
Hadronic modes with a hyperon: S = 0 final states

AKT (61 + 12)x1074 781
AKtnta~ <5 x10=4  CL=90% 637

SO+ (52 + 08 )x10~4 735
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SOK+ = < 26 x1074  CL=90% 574
StKtn™ (21 £ 06 )x1073 670
>+ K*(892)0 [l (35 + 1.0)x103 470
S-Ktrt < 12 x1073  CL=90% 664
Doubly Cabibbo-suppressed modes
pKT 7~ ( 1.11+ 0.18) x 10~4 823
Semileptonic modes
Netu, (36 +04)% 871
Aptu, (35 +05)% 867
Inclusive modes
et anything (3.95+ 0.35)% -
p anything (50 +16 )% -
n anything (50 +16 )% -
A anything @82t 29)% -
3prongs 24 +£8 )% -
AC = 1 weak neutral current (C1) modes, or
Lepton Family number (LF), or Lepton number (L), or
Baryon number (B) violating modes
pete~ c1 < 55 x1076  CL=90% 951
put 1~ non-resonant c1 < 17 x1078  CL=90% 937
petu~ LF < 99 x1076  CL=90% 947
pe ut LF < 19 x1075%  CL=90% 947
p2et LB < 27 x1076  CL=90% 951
p2ut LB < 9.4 %1076  CL=90% 937
petput L,B < 16 x10~5%  CL=90% 947
Sptpt L < 70 x1074  CL=90% 812
See Particle Listings for 1 decay modes that have been seen / not seen.
1—
Ac(2595)* 1Py =0(37)
The spin-parity follows from the fact that X-(2455)7 decays, with
little available phase space, are dominant. This assumes that JP =
1/27% for the ¥.(2455).
Mass m = 2592.25 4+ 0.28 MeV
m-—m, = 305.79 £+ 0.24 MeV
Full width T = 2.6 + 0.6 MeV
/\z’mr and its submode X -(2455)7 — the latter just barely — are the only
strong decays allowed to an excited /\'C*' having this mass; and the submode
seems to dominate.
Ac(2595)+ DECAY MODES Fraction (I';/T) p (MeVc)
/\zr ata™ [s] — 117
T (2455) o~ 204+7% T
5 (2455)0 7t 2 £7% i
AF 7t = 3-body 18+10% 117

See Particle Listings for 2 decay modes that have been seen / not seen.
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Ac(2625)* 1Py =0(37)

JP has not been measured; % is the quark-model prediction.

Mass m = 2628.11 + 0.19 MeV (S = 1.1)
m—m,, =341.65+ 013 MeV (S =1.1)

Full width T < 0.97 MeV, CL = 90%

Agww and its submode X(2455) are the only strong decays allowed to an

excited /\2’ having this mass.

/Ic(2625)+ DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
At rtas ~ 67% 184
> (2455) 1~ <5 90% 102
5 (2455)0 ot <5 90% 102
/\2’ 7t 7~ 3-body large 184

See Particle Listings for 2 decay modes that have been seen / not seen.

Ac(2860)* 1Py =03 )

Mass m = 2856.1723 MeV
Full width I = 68733 MeV

A(2880)* 1Py =03 )

Mass m = 2881.63 £+ 0.24 MeV
m—m,, = 595.17 4+ 0.28 MeV
c

Full width I = 5.6 758 Mev

Ac(2940)* 0Py =0(37)

JP = 3/27 is favored, but is not certain

Mass m = 2939.6 7 1-3 MeV
Full width I = 208 Mev

X(2455) 1Py =131

X(2455) T mass m = 2453.97 + 0.14 MeV
X.(2455)" mass m = 2452.9 & 0.4 MeV
5.(2455)% mass m = 2453.75 & 0.14 MeV
Myrs = My = 167.510 & 0.017 MeV
m)__:r — mA;r = 166.4 £+ 0.4 MeV
Myo = My = 167.290 £ 0.017 MeV
Mypps = My = 0.220 + 0.013 MeV

m — Mgo = —0.9 £ 0.4 MeV
ot TR
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5(2455) T full width I = 1.897 09 Mev (S =1.1)
T.(2455)T full width T < 4.6 MeV, CL = 90%

5(2455)° full width T = 1.831 013 Mev (S = 1.2)

/\'C"ﬂ is the only strong decay allowed to a X~ having this mass.

X -(2455) DECAY MODES Fraction (T';/T) p (MeVc)
Atr ~ 100 % 94
X(2520) 0Py =131
JP has not been measured; %Jr is the quark-model prediction.
5(2520)Ttmass m = 2518417033 MeV (S = 1.1)
X.(2520)" mass m = 2517.5 £ 2.3 MeV
.(2520)° mass m = 2518.48 & 0.20 MeV (S = 1.1)
_ +0.17 _
My (as20y++ — Myr = 231955575 MeV. (S = 1.3)
My (as20)+ — Mys = 2310 + 2.3 MeV
— +0.15 —
My (2520)0 ~ mA2r = 232027573 MeV (S =1.3)
My (2520)++ — Mx (25200 = 0.01 £ 0.15 MeV
.(2520)TF full width T = 14.7873-30 Mev
>.(2520)F  full width T < 17 MeV, CL = 90%
£.(2520)°  full width T = 15.37 54 Mev
/\z’ﬂ is the only strong decay allowed to a X having this mass.
£,(2520) DECAY MODES Fraction (T';/T) p (MeVjc)
N ~ 100 % 179
5(2800) 1Py = 1%

5(2800)TF mass m = 28017 ¢ MeV
%(2800)F mass m = 2792714 MeV
5(2800)° mass m = 2806 +3 MeV (S = 1.3)
—cqatt
My (2800)++ — m/|2r = 5147 MeV
_ g5 tl4
My (2800)+ ~ m/‘Zr = 505775 MeV
— +5 —
My (2800)0 ~ mA2r =519737 MeV (S =13)
5(2800)** full width I = 7522 Mev
5(2800)" full width T = 62759 MeV
5(2800)° full width I = 7222 MeV
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=t 0Py =13
JP has not been measured; %+ is the quark-model prediction.
Mass m = 2467.94 " 337 Mev
Mean life 7 = (456 & 5) x 10715 5
cr = 136.6 um
Branching fractions marked with a footnote, e.g. [a], have been corrected
for decay modes not observed in the experiments. For example, the submode
fraction =1 — =+ K*(892)0 seenin =1 — =+ K=« has been multiplied
up to include K*(892)0 — K070 decays.
p
E;_." DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
No absolute branching fractions have been measured.
The following are branching ratios relative to =~ 27+,
Cabibbo-favored (S = —2) decays — relative to =~ 27+
p2KY 0.087 +0.021 767
ARzt — 852
X (1385)T KO [l 10 =405 746
AK ™ 2mt 0.323 +0.033 787
AK*(892)0 nt [ < 0.16 90% 608
X (1385)TK—nt [r] <0.23 90% 678
TtK ot 0.94 =+0.10 811
> +K*(892)0 [l 081 %015 658
SOK—2nt 027 4012 735
0t 055 +0.16 877
=—ort DEFINED AS 1 851
=(1530)0 7+ [] < 0.10 90% 750
0t g0 23 +07 856
Z0r—ont 1.7 £05 818
Z0ety, 23 131 884
N~ Ktat 0.07 +0.04 399
Cabibbo-suppressed decays — relative to =— 27+
pK—mt 0.0045 +0.0022 944
pK*(892)° [r]  0.0024+0.0013 828
stotga— 048 +0.20 922
y—ont 0.18 +0.09 918
StKT K™ 0.15 =+0.06 580
Ste [r] <o0.11 90% 549
Z(1690)° KT, =0 —» yt K- < 0.05 90% 501
p¢(1020) C) +4  )x1070 751

See Particle Listings for 2 decay modes that have been seen / not seen.
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=0 1P =36

JP has not been measured; %"' is the quark-model prediction.
Mass m = 2470.90" 532 Mev
M=y — M-y = 2.96 £ 0.22 MeV
~c ~c
Mean life 7 = (153 + 6) x 1071% s (S =2.4)
cr = 45.8 um
Decay asymmetry parameters
=gt a=-06+04

P
Eg DECAY MODES Fraction (I';/T) Scale factor  (MeV/c)
Cabibbo-favored (S = —2) decays
pK~K—nt (48 £1.2 ) x1073 1.1 676
pK=K*(892)° K*0 - K=zt (20 +06 )x1073 413
pK~ K~ xt (no K*0) (3.0 £0.9 ) x 103 676
AKY (3.0 £0.8 ) x 1073 906
AK—nt (1.45+0.33) % 1.1 856
gt (1.43£0.32) % 1.1 875
Zoatatao (48 £23)% 816
N~ Kt (42 £1.0 )x1073 522
ety (1.8 £1.2)% 882
Cabibbo-suppressed decays

=Kt (39 +1.2 ) x 1074 790
AKT K~ (no ¢) (41 +1.4 )x104 648
Ap (49 +£15)x10~4 621

See Particle Listings for 2 decay modes that have been seen / not seen.

= 107y = 3G

JP has not been measured; %"' is the quark-model prediction.

Mass m = 2578.4 £ 0.5 MeV
m_,; — m_; = 110.5 £ 0.4 MeV

Mty — Moo = —0.8 + 0.6 MeV
~-c ~c

= 10P) = 3G

JP has not been measured; %* is the quark-model prediction.

Mass m = 2579.2 £ 0.5 MeV
m_o — m—o = 108.3 £ 0.4 MeV
~c ~c




Baryon Summary Table

183

=,(2645) 10P) =33%)

JP has not been measured; %'*‘ is the quark-model prediction.

=,(2645)" mass m = 2645.5610:2¢ MeV
Z(2645)° mass m = 2646.38 1039 MeV (S = 1.1)
M= 645yt — M=o = 17466 = 0.09 MeV
M= a5y — Mzt = 178.44 & 0.10 MeV
~c

M= (2645)+ ~ M=, (2645)0 = —0.82 + 0.26 MeV

Z.(2645)T full width I = 2.14 + 0.19 MeV (S = 1.1)
=,.(2645)0 full width I = 2.35 + 0.22 MeV

=,(2790) 1Py =33)
JP

has not been measured; %* is the quark-model prediction.

Z0(2790)" mass = 2792.4 £ 0.5 MeV
Z.(2790)° mass = 2794.1 + 0.5 MeV
M=, (a790)+ — Mzn = 213.20  0.22 MeV
M= (7900 — M+ = 215.70 + 0.22 MeV

M= (2790)+ — M=, (2790)0 = —1.7 £ 0.7 MeV
Z:(2790)* width = 8.9 & 1.0 MeV
Z.(2790)° width = 10.0 + 1.1 MeV

=,(2815) 1P =337)
JP

has not been measured; %* is the quark-model prediction.
Z.(2815)* mass m = 2816.741 023 MeV
Z.(2815)% mass m = 2820.25 702 MeV

M= (2g15)+ ~ m_:? = 348.80 &+ 0.10 MeV

M= (2a150 — Mzo = 349.35 £ 0.11 MeV

M= (og15)+ — M= (og15)0 = —3.51 £ 0.26 MeV

Z-(2815)* full width I = 2.43 £ 0.26 MeV
Z,(2815)0 full width I = 2.54 + 0.25 MeV

Zc(2970) 14P) = 3(7%)

was =(2980)
Z(2970)F m = 2966.34 130 Mev
Z:(2970)° m = 2970.97 3¢ MeV

\quad m= (2970)+ — mey = 498.40 t 321 Mev

— +0.4
\quad Mz (2970)0 — m_:g =500.0" )¢ MeV
— +0.4
M= (2970)+ — Mz (20700 = — 46 glg MeV
Z.(2970)F width [ =20.9F 2% MeV (S =1.2)
Z.(2970)° width [ = 28.1730 MeV (S = 1.5)
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=.(3055) 1Py = 2(2%)

Mass m = 3055.9 + 0.4 MeV
Full width ' = 7.8 + 1.9 MeV

=.(3080) 1Py =479

=.(3080)T m = 3077.2 4+ 0.4 MeV

Z.(3080)° m = 3079.9 + 1.4 MeV (S = 1.3)
Z.(3080)t width I = 3.6 + 1.1 MeV (S = 1.5)
=,(3080)° width I = 5.6 + 2.2 MeV

° 1UP) =03 )

JP has not been measured; %* is the quark-model prediction.

Mass m = 2695.2 + 1.7 MeV (S = 1.3)
Mean life 7 = (268 + 26) x 1071° s
cr = 80 pm

p
122 DECAY MODES Fraction (I';/T) Confidence level (MeV/c)

No absolute branching fractions have been measured.
The following are branching ratios relative to 2~ 7.

Cabibbo-favored (S = —3) decays — relative to 2~ =+

- at DEFINED AS 1 821
7t a0 1.8040.33 797
= pt >1.3 90% 532
Q- r2nt 0.31+0.05 753
N etv, 24 12 829
=0Ko 1.6440.29 950
=07t 1.2040.18 901
0K KO K gt 0.68£0.16 764
=-KOrt 2.1240.28 895
=K 2nt 0.63+0.09 830
Z(1530)°K—xt, =0 —» =—gxt 0214006 757
=-KOgt 0.34+0.11 653
StK-K—znt <0.32 90% 689
AKOKO 1.7240.35 837
Q.(2770)° 1Py =03 )

JP has not been measured; %Jr is the quark-model prediction.

Mass m = 2765.9 = 2.0 MeV (S = 1.2)
_ +0.8
Mg (27700 ~ mng =707" 549 MeV

The 96(2770)0—1’72 mass difference is too small for any strong decay to occur.

.Q‘_.(2710)o DECAY MODES Fraction (I';/T) p (MeV/c)

Qg 5 presumably 100% 70
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2,(3000)° 1Py =279

Mass m = 3000.41 + 0.22 MeV
Full width ' = 4.5 £ 0.7 MeV

02,(3050)° 1Py =279

Mass m = 3050.20 + 0.13 MeV
Full width I < 1.2 MeV, CL = 95%

2:(3065)° 1Py = 2(7)

Mass m = 3065.46 + 0.28 MeV
Full width ' = 3.5 + 0.4 MeV

2:(3090)° 1Py = 7(7%)

Mass m = 3090.0 + 0.5 MeV
Full width ' = 8.7 + 1.3 MeV

2:(3120)° 14Py =22

Mass m = 3119.1 + 1.0 MeV
Full width ' < 2.6 MeV, CL = 95%

DOUBLY CHARMED BARYONS
(C=+2)

=ttt —yce, =t =dce, T =sce
cc cc cc

=t 1Py = 2(7")

Mass m = 3621.2 + 0.7 MeV
Mean life 7 = (256 & 27) x 1071% s

BOTTOM BARYONS
(B=-1)

A =udb, =) = usb, =, = dsb, 2, =ssb

A 1UPy =03 %)

I(JP) not yet measured; 0(%"’) is the quark model prediction.
Mass m = 5619.60 & 0.17 MeV
my — mpgo = 339.2 = 1.4 MeV
b

"= mgs = 339.72 £ 0.28 MeV

Mean life 7 = (1.471 + 0.009) x 1012 s
cr = 441.0 um

A
m
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Acp(Ap = pr~) = —0.025 +0.029 (S =1.2)

ACP(Ab — pKf) = —0.025 £ 0.022
AAcp(pK~/7~) = 0.014 £ 0.024
Acp(Ap — pKP7™) = 0.22 + 0.13

AAcp(J/bpr=/K™) = (5.7 + 2.7) x 102

Acp(Ap — AK+tr~) = —053 £ 0.25
Acp(Ap — AKTK™) = —0.28 £ 0.12

DAcp(A) — pK=ptp~) = (-4 £5) x 1072

DAcp(A — pr—ataT) = (1.1+2.6) x 1072
AAcp(Ay = (pr= 7 77 )pa) = (4 + 4) x 1072
AAcp(A) — pag(1260)7) = (—1+4) x 1072
DAcp(AY = N(1520)° p(770)%) = (2 £ 5) x 1072
AAcp(AY — A(1232)FF 77 77) = (0.1 + 3.3) x 1072
AAcp(A) — pK=7trT) = (3.2 £ 1.3) x 1072
AAcp(N = (pK— 7t 7)) = (3.5 + 1.6) x 1072
AACP(Ag — N(1520)° K*(892)%) = (5.5 + 2.5) x 1072
AAcp(AY — A(1520)p(770)%) = (1 + 6) x 1072
DAcp(A — A(1232)FH K= 77) = (4.4 £2.7) x 1072
DAcp(AY — pK1(1410)7) = (5 + 4) x 1072
AAcp(A) — pK=KT77) = (=7 £5) x 1072
AAcp(A) — pK=KTK™) = (0.2 £1.9) x 1072
AAcp(A) = A(1520) $(1020)) = (4 + 6) x 1072
AACP(A% - (pK_)high'mass ¢(1020)) = (_0-7 + 3~4) x 1072
DAcp(A — (PK=KYK™)ppa) = (2.7 £2.4) x 1072
AL p(pp)in Ay — Aptp~ = —0.39 £ 0.04
A(AGp(ap) in Ap — ApTp~™ = —0.05 + 0.09
hp(pm) in Ap = A(pm)pt ™ = —0.30 £ 0.05

N
A in Ay — AptpT =025+ 0.04

The branching fractions B(b-baryon — AL~ Dyanything) and B(A% —

AZL (™ vpanything) are not pure measurements because the underlying mea-
sured products of these with B(b — b-baryon) were used to determine B(b —
b-baryon), as described in the note “Production and Decay of b-Flavored

Hadrons.”

For inclusive branching fractions, e.g., Ap — annything, the values usually
are multiplicities, not branching fractions. They can be greater than one.

Ag DECAY MODES

Fraction (T';/T)

Scale factor/ p

Confidence level (MeV/c)

J/p(1S)Ax B(b — A9) (58 +£0.8 )x1075 1740
pDOr— (63 £07 )x10~4 2370
pDOK— (46 £0.8 )x 105 2269
pJ/pm™ (26 T3 )x10 1755
pr=J/Y, JJp — ptu~ (1.6 £0.8 )x107° -
pJ/HK~ (32 738 )x104 1589

P-(4380)t K—, P. — pJ/¢pr [t (2.7 £1.4)x107° -

P (4450)t K—, Pc — pJ/i [t] (13 04 )x1075 -
Xc1(1P)pK~ (76 T35 )x1075 1242
Xc2(1P)pK— (79 T18)x10-5 1198
pJ/Yp(1S)mt ™ K= (66 T13)x105 1410
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pyp(2S)K~ (66 T12)x1075 1063
Xc1(3872)pK ™, x¢1(3872) — (1.2340.33) x 10~° -
J/pata~
$(2S)pr~ (75 1€ )x10-6 1320
pKOn— (13 +£04)x1075 2693
pKOK— < 35 x 106 CL=90% 2639
Ao (49 £0.4)x1073 s=12 2342
/lj K~ ( 3.5940.30) x 10~4 S=1.2 2314
A D™ (46 +0.6 )x 104 1886
AY Dy ( 1.10£0.10) % 1833
Arrto o (7.7 £11)x 1073 s=1.1 2323
Ac(2595)F 77, Ac(2595)T — (34 +£15)x1074 2210
/\'C*' ata~

Ac(2625)F 7, Ac(2625)F — (33 £1.3)x1074 2193
/\2’ ato™

(24550t 20 — (57 +22 )x1074 2265
/\2’ -

S5yt IH o (32 £16)x1074 2265
/\2’ at

AL ppr~ ( 2.65+0.29) x 10—4 1805

X (2455)0pp, X (2455)0 — (24 405 )x1073 -
/\2’ T

(25200 pp, £.(2520)° — (32 £0.7 )x 1075 -
/\2’ -

A 6~ Tganything [l (109 £22 )% -
AT, (62 T14 )9 2345
Nrtr= o7, (56 £31)% 2335
Ac(2595)t ¢~ 7, (79 739 )x1073 2212
Ac(2625)F ¢~ (13 T3¢ )% 2195

ph™ v] < 23 x 1073 CL=90% 2730
pr~ (45 +08 )x1076 2730
pK~ (54 +£1.0 )x 1076 2709
pD; < 48 x 1074 CL=90% 2364

puT T, (41 £1.0 )x10~4 2730

Aptu~ ( 1.08+0.28) x 1076 2695

prputp~ (69 £25)x108 2720

Ny (71 +1.7 )x 1076 2699

An (9 1 )x106 2670

A1 (958) < 31 x 1076 CL=90% 2611

Art o~ (47 £1.9 )x1076 2692

AKt 7~ (57 £13 )x10° 2660

AKT K™ ( 1.6240.23) x 1075 2605

Ao (9.8 £26 )x10° 2599

pr—wt o~ ( 2.11£0.23) x 1075 2715

pK=Ktm™ (41 £06 )x106 2612

pK—ntrm~ (51 £05)x107° 2675

pK~ KT K~ ( 1.27+£0.14) x 1075 2524

See Particle Listings for 1 decay modes that have been seen / not seen.
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Np(5912)° JP=1-

Mass m = 5912.20 + 0.21 MeV
Full width ' < 0.66 MeV, CL = 90%

Np(5920)° JP=3-

Mass m = 5919.92 £+ 0.19 MeV (S = 1.1)
Full width ' < 0.63 MeV, CL = 90%

Np(6146)° JP =3+

Nlw

Mass m = 6146.2 + 0.4 MeV
Full width ' = 2.9 4+ 1.3 MeV
Full width ' = 526.55 + 0.34 MeV

+

Njo

Np(6152)° JP =

Mass m = 6152.5 + 0.4 MeV

Full width ' = 2.1 4+ 0.9 MeV

Full width ' = 532.89 + 0.28 MeV
Full width T = 6.34 4+ 0.32 MeV

Ty 10P) =13
I, J, P need confirmation.
Mass m(X}) = 5810.56 & 0.25 MeV
Mass m(X ) = 5815.64 & 0.27 MeV
= —5.06 & 0.18 MeV

mzz — mZ;
M(X}) =5.0%05MeV
M(£,) =53=%05MeV

X}, DECAY MODES Fraction (I';/T) p (MeVjc)
Nr dominant 133
b4 0P =134
I, J, P need confirmation.

Mass m(X}") = 5830.32 £ 0.27 MeV

Mass m(Z7} ") = 5834.74 + 0.30 MeV

Mewy — Moy = —4.37 £ 0.33 MeV (S =1.6)

b b _

B

Mo — M = . .
}:D Xb

M(Z;F) =9.4+05MeV

M(£};7) =104 £08MeV (S=13)

my, — mx, =212+ 20 MeV
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X} DECAY MODES Fraction (I'j/T) p (MeVc)
/\gﬂ dominant 159
X,(6097)* P =77
Mass m = 6095.8 + 1.7 MeV
Full width ' = 31 £ 6 MeV
X,(6097) JP =77
Mass m = 6098.0 & 1.8 MeV
Full width ' = 29 £+ 4 MeV
== IR =561
1, J, P need confirmation.
m(_:é) =5797.0 £ 0.6 MeV (S =1.7)
m(=%) = 5791.9 + 0.5 MeV
m_ —my =177.5£ 0.5 MeV (S = 1.6)
~b b
m—y — ITIAO = 172.5 + 0.4 MeV
~b b
m—_ — m— =59+ 0.6 MeV
~b b
Mean life 7 __ = (1.572 & 0.040) x 10712 5
~b
Mean life 7 —o = (1.480 + 0.030) x 10712 s
~b
Scale factor/ p
=p DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
Z 07y Xx B(b— Zp) (39 £1.2 ) x 1074 S=1.4 -
JJWE"xB(b— =) (1.02+026) x 105 1782
J/WAK™ x B(b— =) (25 +£0.4 ) x 10 1631
pDOK=x B(b — =) (1.7 £0.6 ) x 10—6 2374
pK°r~x B(b » Z)/B(b— B%) <1 x 106 CL=90% 2783
pKOK=x B(b — =)/B(b — B% <11 x 1076 CL=90% 2730
pK™ K™ x B(b— =p) (3.7 £0.8 ) x 1078 2731
Artr=x Bb— Z9)/B(b— AY) <17 x 106 CL=90% 2781
AK=atx B(b— Z9)/B(b — <8 x 107 CL=90% 2751
%)
AKTK=x B(b— Z9)/B(b — <3 x 107 CL=90% 2698
A%)
A K= x B(b— Zp) (6 +4 )x1077 2416
Ma=xBb— Z,)/B(b— AY) (5.7 £2.0 ) x 104 99
pK=nt 7~ x B(b — =9)/B(b — (1.9 £0.4 ) x 1076 2766
%)
pK~ K~ 7t x B(b — E%)/B(b — (1.73£0.32) x 10~ 2704
A%)
pPK=KTK=x B(b— Z9)/B(b— (18 +1.0)x1077 2620

A%)
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=/(5935)~ P =1t

Mass m = 5935.02 £+ 0.05 MeV
m_:,b(5935), - m_:% — m__ =3.653 £ 0.019 MeV
Full width ' < 0.08 MeV, CL = 95%

N|=

E’b(5935)_ DECAY MODES Fraction (';/T) p (MeVc)
Z0a xB(b— (11.8+1.8) % 31
=1(5935)7)/B(b — =9)
Zp(5945)° JP =3+
Mass m = 5952.3 + 0.6 MeV
Full width I = 0.90 + 0.18 MeV
=p(5955) JP =3+
Mass m = 5955.33 &+ 0.13 MeV
M=, (5055)- ~ m_:% —m__ =239 £ 0.13 MeV
Full width ' = 1.65 £ 0.33 MeV
=3,(5955)— DECAY MODES Fraction (T';/T) p (MeVjc)
Z0a=x B(b— (20.7£3.5) % 84
=3(5955)7)/B(b — =9)
Eb(6227) JP =77
Mass m = 6226.9 + 2.0 MeV
Full width ' = 18 + 6 MeV
P
=p(6227) DECAY MODES Fraction (I';/T) Scale factor  (MeVjc)
NK=x B(b — Zp(6227))/B(b — (3.20£0.35) x 10~3 336
)
S0 x B(b — Zp(6227))/B(b — (28 £11 )% 18 398
=)
Q, 1Py =0(3)
I, J, P need confirmation.
Mass m = 6046.1 + 1.7 MeV
mQ; — mAg = 426.4 + 2.2 MeV
m__ — m__ = 247.3 £ 3.2 MeV
2, b
Mean life 7 = (1.6475318) x 1072 s
7(2,)/7(=},) mean life ratio = 1.11 £+ 0.16
P
2, DECAY MODES Fraction (I';/T) Confidence level  (MeV/c)
J/h 27 xB(b — 2p) 29753 x 106 1806

pK= K~ xB(b — 2) <25 x 1079 90%

2866
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pr— 7~ xB(b = () <15 x 1078 90% 2943
pK™ 7~ xB(b — ) <7 x 1079 90% 2915

b-baryon ADMIXTURE (Ap, Zp, 25)

These branching fractions are actually an average over weakly decaying b-
baryons weighted by their production rates at the LHC, LEP, and Tevatron,
branching ratios, and detection efficiencies. They scale with the b-baryon pro-
duction fraction B(b — b-baryon).

The branching fractions B(b-baryon —  A£™ T anything) and B(/lg —

/\2’ {~ Dpanything) are not pure measurements because the underlying mea-
sured products of these with B(b — b-baryon) were used to determine B(b —
b-baryon), as described in the note “Production and Decay of b-Flavored
Hadrons.”

For inclusive branching fractions, e.g., B — Dianything, the values usually
are multiplicities, not branching fractions. They can be greater than one.

b-baryon ADMIXTURE DECAY MODES

(Ap:=p2p) Fraction (I';/T) p (MeV/c)
p~ Danything (58% 23 % -
plvUyanything (5.6+ 1.2)% -
panything (70 £22 )% -
AL~ Dyanything (3.84 0.6) % -
ALt ypanything (32+ 08)% -
Aanything (39 £7 )% -
=7 (" pyanything ( 6.6+ 1.6)x1073 -

NOTES
This Summary Table only includes established baryons. The Particle Listings include
evidence for other baryons. The masses, widths, and branching fractions for the
resonances in this Table are Breit-Wigner parameters, but pole positions are also
given for most of the N and A resonances.
For most of the resonances, the parameters come from various partial-wave analyses
of more or less the same sets of data, and it is not appropriate to treat the results
of the analyses as independent or to average them together.
When a quantity has “(S = ...)" to its right, the error on the quantity has been
enlarged by the “scale factor” S, defined as S = /x2/(N — 1), where N is the
number of measurements used in calculating the quantity.
A decay momentum p is given for each decay mode. For a 2-body decay, p is the
momentum of each decay product in the rest frame of the decaying particle. For a
3-or-more-body decay, p is the largest momentum any of the products can have in
this frame. For any resonance, the nominal mass is used in calculating p.

[a] The masses of the p and n are most precisely known in u (unified atomic
mass units). The conversion factor to MeV, 1 u = 931.494061(21) MeV,
is less well known than are the masses in u.

[b] The |mp—mp|/mp and |g, + qp|/e are not independent, and both use
the more precise measurement of |q5/mp|/(qp/mp).

[c] The limit is from neutrality-of-matter experiments; it assumes q, = qp +
ge. See also the charge of the neutron.

[d] The up and ep values for the charge radius are much too different to
average them. The disagreement is not yet understood.
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[€] There is a lot of disagreement about the value of the proton magnetic
charge radius. See the Listings.

[f] The first limit is for p — anything or "disappearance” modes of a bound
proton. The second entry, a rough range of limits, assumes the dominant
decay modes are among those investigated. For antiprotons the best
limit, inferred from the observation of cosmic ray p's is 75 > 107
yr, the cosmic-ray storage time, but this limit depends on a number of
assumptions. The best direct observation of stored antiprotons gives
T5/B(P — e 7) >7x10%yr.

[g] There is some controversy about whether nuclear physics and model
dependence complicate the analysis for bound neutrons (from which the
best limit comes). The first limit here is from reactor experiments with
free neutrons.

[h] Lee and Yang in 1956 proposed the existence of a mirror world in an
attempt to restore global parity symmetry—thus a search for oscillations
between the two worlds. Oscillations between the worlds would be max-
imal when the magnetic fields B and B’ were equal. The limit for any
B’ in the range 0 to 12.5 uT is >12 s (95% CL).

[ The parameters g4, gv, and gwm for semileptonic modes are defined by
Brlva(gv + gavs) + i(gwm/ms;) ox, ¢°]1Bi, and ¢av is defined by

ga/8v = |gA/gV|ei¢AV. See the “Note on Baryon Decay Parameters”
in the neutron Particle Listings in the Full Review of Particle Physics.

[/] Time-reversal invariance requires this to be 0° or 180°.

[k] This coefficient is zero if time invariance is not violated.

[/] This limit is for - energies between 0.4 and 782 keV.

[n] The decay parameters v and A are calculated from « and ¢ using

v =11-a? cos¢, tanA = —é V1-a2 sing.
See the “Note on Baryon Decay Parameters” in the neutron Particle List-
ings in the Full Review of Particle Physics.

[0] See Particle Listings in the Full Review of Particle Physics for the pion
momentum range used in this measurement.

[p] Our estimate. See the Particle Listings for details.
[q] A theoretical value using QED.

[r] This branching fraction includes all the decay modes of the final-state
resonance.

[s] See AALTONEN 11H, Fig. 8, for the calculated ratio of At 7070 and

AF 7t = partial widths as a function of the A(2595)% — AT mass
difference. At our value of the mass difference, the ratio is about 4.

[t] P is a pentaquark-charmonium state.
[u] Not a pure measurement. See note at head of /\2 Decay Modes.

[v] Here h~ means 7~ or K.
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SEARCHES
not in other sections

Magnetic Monopole Searches

The most sensitive experiments obtain negative results.
Best cosmic-ray supermassive monopole flux limit:
< 14x107® cm 21571 for11x104<pB<1

Supersymmetric Particle Searches

All supersymmetric mass bounds here are model dependent.
The limits assume:

1) 5{‘1) is the lightest supersymmetric particle; 2) R-parity is conserved,
unless stated otherwise;

See the Particle Listings in the Full Review of Particle Physics for a Note
giving details of supersymmetry.

X? — neutralinos (mixtures of 5, Z°, and H?)
Mass myo > 0 GeV, CL = 95%

1
[general MSSM, non-universal gaugino masses]
Mass mNO > 46 GeV, CL = 95%

[all tanﬁ all mg, all mso = mNO]
Mass myo > 62.4 GeV, CL = 95%
2
[I<tanp <40, all mg, all m-y — m]
X5 Xi
Mass myo > 99.9 GeV, CL = 95%
3
[I<tans <40, all mg, all m-y — mo]
X5 Xi
Mass myo > 116 GeV, CL = 95%
4
[I<tans <40, all mg, all my — my]
X2 X1

Y& — charginos (mixtures of W* and H7)
Mass m;(li > 94 GeV, CL = 95%
[tang < 40, m;(li - m%? > 3 GeV, all mg]
Mass mili > 810 GeV, CL = 95%

[¢+£F, TchilchilC, mep = 0 GeV]
-1

X+ — long-lived chargino
Mass m.. > 620 GeV, CL = 95% [stable Y]

v — sneutrino
Mass m > 41 GeV, CL = 95%  [model independent]
Mass m > 94 GeV, CL = 95%
[CMSSM, 1 < tanj < 40, M= Mo >10 GeV]
1
Mass m > 3400 GeV, CL = 95% [R-Parity Violating]
[DT — €U, A312 = )\321 = 0.07, /\%11 = 011]
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€ — scalar electron (selectron)
Mass m(e,) > 107 GeV, CL = 95% [all mgL—m)??]
Mass m > 410 GeV, CL = 95%  [R-Parity Violating]
[>at, 01— IR0, X0 — 26Ty
ft — scalar muon (smuon)
Mass m > 94 GeV, CL = 95%
[CMSSM, 1 < tang < 40, mﬁR—m%? > 10 GeV]
Mass m > 410 GeV, CL = 95%  [R-Parity Violating]
[>at, 70— 10, 0 — (£
T — scalar tau (stau)
Mass m > 81.9 GeV, CL = 95%
[mz, — Mo >15 GeV, all ,, B(F — 7X9) = 100%]
Mass m > 286 GeV CL=95% [long-lived 7]

g — squarks of the first two quark generations
Mass m > 1.450 x 103 GeV, CL = 95%
[CMSSM, tang = 30, Ag = —2max(my, ml/z), nw > 0]
Mass m > 1630 GeV, CL = 95%
[mass degenerate squarks]
Mass m > 1130 GeV, CL = 95%
[single light squark bounds]
Mass m > 1.600 x 103 GeV, CL = 95%  [R-Parity Violating]
[a — Q)z(l), )?(1) — Ly, A\21,M120 # 0, m§:2400GeV]

q — long-lived squark

Mass m > 1340, CL = 95% [E R-hadrons]
Mass m > 1250, CL = 95% [b R-hadrons]

b — scalar bottom (shottom)
Mass m > 1230 GeV, CL = 95%
[iets+E7, Tsbotl, M3 = 0 GeV]

Mass m > 307 GeV, CL = 95% [R-Parity Violating]
[b— tdorts, M35 or M3, coupling]

T — scalar top (stop)

Mass m > 1190 GeV, CL = 95%
[jets+&p, Tstopl, m~0 =0 GeV]

Mass m > 1100 GeV, CL = 95% [R-Parity Violating]
[t — be, Tstop2RPV, prompt]

g — gluino

Mass m > 2.000 x 103 GeV, CL = 95%

[lets + E7, TglulA, Mo = 0 GeV]
1

Mass m > 2.260 x 103 GeV, CL = 95%  [R-Parity Violating]
[> 40, Mo # 0, mgp > 1000 GeV]
1
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Technicolor

The limits for technicolor (and top-color) particles are quite varied de-
pending on assumptions. See the Technicolor section of the full Review
(the data listings).

Quark and Lepton Compositeness,
Searches for

Scale Limits A for Contact Interactions
(the lowest dimensional interactions with four fermions)

If the Lagrangian has the form
2 — T
£ Es brv vy e
(with g2/4 set equal to 1), then we define A = AJ,. For the
full definitions and for other forms, see the Note in the Listings on

Searches for Quark and Lepton Compositeness in the full Review
and the original literature.

30 TeV, CL = 95%

3.10 TeV, CL = 90%

2.81 TeV, CL = 95%

13.1 none 17.4-29.5 TeV, CL = 95%

21.8 TeV, CL = 95%

A (kpqq)
\(224%)
Nevqq)
A (aqqq)

A;(qaqq)

N (eeee) > 83 TeV, CL = 95%
A; (eeee) > 103 TeV, CL = 95%
Nfj(eepp) > 85TeV, CL = 95%
Af(eepp) > 9.5TeV, CL = 95%
Nfj(eerr) > 7.9 TeV, CL = 95%
A (eerT) > 7.27TeV, CL = 95%
Af(eeeey > 9.1 TeV, CL = 95%
A (eeee) > 10.3 TeV, CL = 95%
Nfi(eeqq) > 24TeV, CL = 95%
A (eeqq) > 37 TeV, CL = 95%
Af(eeuu) > 233 TeV, CL =95%
Aj(eeuu) > 12.5TeV, CL =95%
Aji(eedd) > 111 TeV, CL = 95%
A (eedd) > 26.4TeV, CL = 95%
N, (eecc) > 9.4Tev, CL = 95%
A (eecc) > 5.6 TeV, CL = 95%
Af(eebb) > 9.4 TeV, CL = 95%
A;,(eebb) > 10.2 TeV, CL = 95%
N (ppgq) > 20 TeV, CL = 95%

>

>

>

>

>
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A (vvgq) > 5.0TeV, CL = 95%
A (vrqq) > 5.4TeV, CL=95%
Excited Leptons
The limits from £*+¢*~ do not depend on X\ (where X is the £¢*

transition coupling). The A-dependent limits assume chiral coupling.

e*+ — excited electron
Mass m > 103.2 GeV, CL = 95%  (from e*e*)
Mass m > 4.800 x 103 GeV, CL = 95%  (from ee*)
Mass m > 356 GeV, CL = 95%  (if A, = 1)
W — excited muon
Mass m > 103.2 GeV, CL = 95%  (from p* p*)
Mass m > 3.800 x 103 GeV, CL = 95%  (from juu*)
7%+ — excited tau

Mass m > 103.2 GeV, CL = 95%  (from 7% 7%)

Mass m > 2.500 x 103 GeV, CL = 95%  (from 77*)
v* — excited neutrino

Mass m > 1.600 x 103 GeV, CL = 95%  (from v*1*)

Mass m > 213 GeV, CL = 95%  (from v* X)
q* — excited quark

Mass m > 338 GeV, CL = 95% (from ¢*g*)

Mass m > 6.000 x 103 GeV, CL = 95%  (from g* X)
Color Sextet and Octet Particles

Color Sextet Quarks (qg)

Mass m > 84 GeV, CL = 95%  (Stable gg)
Color Octet Charged Leptons ({g)

Mass m > 86 GeV, CL = 95%  (Stable (g)
Color Octet Neutrinos (vg)

Mass m > 110 GeV, CL = 90% (v — vg)

Extra Dimensions

Please refer to the Extra Dimensions section of the full Review for
a discussion of the model-dependence of these bounds, and further
constraints.
Constraints on the radius of the extra dimensions,
for the case of two-flat dimensions of equal radii
R < 30 um, CL = 95% (direct tests of Newton’s law)
R< 48 um, CL=9% (pp— jG)
R < 0.16-916 nm  (astrophysics; limits depend on technique and as-
sumptions)

Constraints on the fundamental gravity scale

Mpp > 9.02 TeV, CL =95% (pp — dijet, angular distribution)
M. > 4.16 TeV, CL=95% (pp — (7)
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Constraints on the Kaluza-Klein graviton in warped extra dimensions
Mg > 4.25TeV,CL=95% (pp— ~v7)
Constraints on the Kaluza-Klein gluon in warped extra dimensions

MgKK > 38TeV,CL=9% (gxx — t?)

WIMP and Dark Matter Searches

No confirmed evidence found for galactic WIMPs from the GeV to the
TeV mass scales and down to 1 x 10719 pb spin independent cross
section at M = 100 GeV.
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Revised March 2020 by A. Pich (IFIC, Valencia) and M. Ramsey-Musolf
(Tsung-Dao Lee Inst.; SJTU; U. Massachusetts).

The following text discusses the best limits among those included
in the full Review, where more complete details can be found. Unless
otherwise specified, all limits quoted here are given at a C.L. of 90%.

DISCRETE SPACE-TIME SYMMETRIES

Charge conjugation (C'), parity (P) and time reversal (T") are empir-
ically found to be symmetries of the electromagnetic (QED) and strong
(QCD) interactions, but they are violated by the weak forces. The prod-
uct of the three discrete symmetries, C' PT, is an exact symmetry of any
local and Lorentz-invariant quantum field theory with a positive-definite
Hermitian Hamiltonian that preserves micro-causality.

1 Violations of CP and T

The first evidence of C'P non-invariance in particle physics was the
observation in 1964 of Kg — w7~ decays. The non-zero ratio |n4_| =
[M(K? = 7ta=)/M(KY — ntr)| = (2.232£0.011) x 1073 could be
explained as a K9-K° mixing effect (n4— = ¢), which would imply an
identical ratio ngg = M(K? — n%70)/M(K2 — 707%) in the neutral
decay mode and successfully predicts the observed CP-violating semilep-
tonic asymmetry [I'(K? — n7etve) — I'(K? — nte~ve)]/[sum] =
(3.3440.07) x 1073, A tiny difference between 14— and ngp was reported
for the first time in 1988 by the CERN NA31 experiment, and later es-
tablished at the 7.2¢ level with the full data samgles from the NA31,
E731, NA48 and KTeV experiments: Re(€//e) = = (1 — |noo/n+—]) =
(1.66 £ 0.23) x 1073, This important measurement confirmed that CP
violation is associated with a AS = 1 transition, as predicted by the
CKM mechanism. The Standard Model (SM) prediction, Re(€'/e) =
(1.4 £0.5) x 1073, is in good agreement with the measured ratio, al-
though the theoretical uncertainty is unfortunately large.

Much larger C'P asymmetries have been later measured in B meson
decays, many of them involving the interference between B°—B° mixing
and the decay amplitude. They provide many successful tests of the
CKM unitarity structure, validating the SM mechanism of CP violation
(see the review on C'P violation in the quark sector). Prominent 51gnals
of direct C'P violation have been also clearly established in several B+
B0 and BY decays, and, very recently, in charm decays.

While CP violation implies a breaking of time-reversal symmetry,
direct tests of T violation are much more difficult. The CPLEAR experi-
ment observed longtime ago a non-zero difference between the oscillation
probabilities of K9 — K and K° — K°. More recently, the exchange
of initial and final states has been made possible in B decays, taking
advantage of the entanglement of the two daughter mesons produced
in the decay 7(4S) — BB which allows for both flavor (B — ¢+ X,
B% - ¢~ X) and CP (B — J/YK?, B_ — J/ng) tagging. Com-
paring the rates of the B — By and B? — B. transitions with their
T-reversed B+ — B® and B+ — B9 processes, the BABAR experiment
has reported the first direct observation of 7" violation in the B system,
with a significance of 14c.

Among the most powerful tests of P (CP) and T invariance is the
search for a permanent electric dipole moment (EDM) of an elementary
fermion or non-degenerate quantum system. No positive signal has been
detected so far. The most stringent limits have been obtained for the
EDMs of the electron, |de| < 1.1 x 10729, mercury atom, |dpg| < 7.4 X
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10739 (95% C.L.), and neutron, |d,| < 1.8 x 10726 (90% C.L.).

2 Tests of CPT

CPT symmetry implies the equality of the masses and widths of a
particle and its antiparticle. The most constraining limits are extracted
from the neutral kaons: 2 |mgo —mzz|/(m o +mzzo) < 6 X 10719 and

2| I'go —I'go |/ (I'co +I5g0) = (8£8) % 10~ '8, The measured masses and
electric charges of the electron, the proton and their antiparticles provide
also strong limits on C'PT violation: 2|mg+ — m —|/(me+ + m,—) <
8x1079, g + +q.-|/e < 4x1078 and |gzmp/(gpmp)|—1 = (0.14£6.9) x
10~ 11, Worth mentioning are also the tight constraints derived from the
lepton and antilepton magnetic moments, 2 (go+ — go— )(get + go—) =
(=0.5+2.1) x 107'? and 2 (9,+ — 9,,- )(9,+ +9,-) = (=0.11 £0.12) x
1078, those of the proton and antiproton, (up + pp) /up = (24 4) x
1079, and the recent measurement of the 1S-2S atomic transition in
antihydrogen which agrees with the corresponding frequency spectral line
in hydrogen at a relative precision of 2 x 10712,

QUANTUM-NUMBER CONSERVATION LAWS

Conservation laws of several quantum numbers have been empirically
established with a high degree of confidence. However, while some of
them are deeply rooted in basic principles such as gauge invariance or
Lorentz symmetry, others appear to be accidental symmetries of the SM
Lagrangian and could be broken by new physics interactions.

3 Electric charge

The conservation of electric charges is associated with the QED gauge
symmetry. The most precise tests are the non-observation of the decays
e — vey (T > 6.6 X 1028 yr) and n — preie (Br < 8 x 10727, 68% C.L.).

4 Lepton family numbers

Neutrino oscillations show that neutrinos have tiny masses and there
are sizable mixings among the lepton flavors. Nevertheless, lepton-flavor
violation (LFV) in neutrinoless transitions from one charged lepton flavor
to another has never been observed. Among the most sensitive probes are
searches for the LE'V decays of the muon, Br(y — ev) < 4.2 x 10713 and
Br(pu — 3e) < 1.0 x 10712 as well as the conversion process o(u~Au —
e"Au)/o(u”Au — all) < 7 x 10713, Stringent limits have been also
set on the LF'V decay modes of the 7 lepton. The large T data samples
collected at the B factories have made possible to reach a 10~8 sensitivity
for many of its leptonic (7 — £y, 7 — ¢£1¢7) and semileptonic (1 —
PO 7 — ¢VO 17 — ¢POPY 7 — (Pt P'~) neutrinoless LFV decays.
Interesting limits on LEF'V are also obtained in meson decays. The best
bounds come from kaon experiments, e.g., Br(K% — ei;ﬁ:) < 4.7 x
10712 and Br(K+ — rmtpte™) < 1.3 x 10711,

The LFV decays of the Z boson were probed at LEP at the 10~° to
10~6 level. The ATLAS collaboration has recently put a stronger bound
on the Z — e* ¥ decay mode: Br(Z — e*pu¥) < 7.5x10~7 (95% C.L.).
LHC is now starting to test LFV in Higgs decays, within the available
statistics. The current (95% C.L.) experimental upper bounds, Br(H? —
eFpF) < 6.1x107%, Br(H? — e*7F) < 0.47% and Br(H® — p+7rF) <
0.25%, constrain the LFV Yukawa couplings of the Higgs boson.

5 Baryon and Lepton Number

Many experiments have searched for B- and/or L-violating transi-
tions, but no positive signal has been identified so far. The neutrinoless
double-g decay (Z,A) — (Z+2,A)+e~ +e is a particularly interesting
AL = 2 process, which could represent a spectacular signal of Majorana
neutrinos. The current best limit, 71 /5 > 1.07 X 1026 yr, was obtained by
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the KamLAND-Zen experiment with 136Xe. Stringent constraints on vi-
olations of L have been also set in 4~ — et conversion in muonic atoms,
the best limit being o(u~Ti — etCa)/o(u~Ti — all) < 3.6 x 10711,
and at the flavor factories through L-violating decays of the 7 lepton
and K, D and B mesons, such as Br(7— — eTn~7~) < 2.0 x 1078,
Br(Kt — 7~ ptut) < 4.2 x 1071 Br(Dt — n-ptpt) <2.2x 1078
and Br(BT — K~etet) < 3.0 x 1078,

Proton decay would be the most relevant violation of B, as it would
imply the unstability of matter. The current lower bound on the proton
lifetime is 3.6 x 10?9 yr. Stronger limits have been set for particular
decay modes, such as 7(p — eT7%) > 1.6 x 1034 yr. Another spectacular
signal would be n—n oscillations; the lower limit on the lifetime of this
AB = 2 transition is 8.6 x 107 s (2.7 x 108 s) for free (bound) neutrons.

The search for B-violating decays of short-lived particles such as Z
bosons, 7 leptons and B mesons provides also relevant constraints. The
best limits are Br(Z — pe,pu) < 1.8 x 1076 (95% C.L.), Br(v— —
A7) < 7.2 x 1078 and Br(BT — Aet) < 3.2 x 1078.

6 Quark flavors

While strong and electromagnetic forces preserve the quark flavor,
the charged-current weak interactions generate transitions among the
different quark species. Since the SM flavor-changing mechanism is asso-
ciated with the W fermionic vertices, the tree-level transitions satisfy
a AF = AQ rule where AQ denotes the change in charge of the rele-
vant hadrons. The strongest tests on this conservation law have been
obtained in kaon decays such as Br(K*T — nt7te ) < 1.3 x 1078,
and (Rex,Imz) = (—0.00240.006,0.001240.0021) where x = M(K°? —
7TV M(KC — 7= ety).

The AF = AQ rule can be violated through quantum loop contribu-
tions giving rise to flavor-changing neutral-current transitions (FCNCs).
Owing to the GIM mechanism, processes of this type are very suppressed
in the SM, which makes them a superb tool in the search for new physics
associated with the flavor dynamics. Within the SM itself, these transi-
tions are also sensitive to the heavy-quark mass scales and have played
a crucial role identifying the size of the charm (K°-K©° mixing) and top
(BY%-B° mixing) masses before the discovery of those quarks. In addi-
tion to the well-established AF' = 2 mixings in neutral K and B mesons,
there is now strong evidence for the mixing of the DY meson and its
antiparticle.

The FCNC kaon decays into lepton-antilepton pairs put stringent
constraints on new flavor-changing interactions. The rate Br(K% —
ptp™) = (6.84£0.11) x 10~ is completely dominated by the 2y absorp-
tive contribution, leaving very little room for new-physics. Another very
clean test of FCNCs will be soon provided by the decay K+ — ntuvi.
With a predicted SM branching fraction of (7.84:0.8) x 10711, the CERN
NA62 experiment is aiming to collect around 100 events. Even more in-
teresting is the C'P-violating neutral mode Kg — 79, but the current
upper bound of 3.0 x 10~? is still far away from the SM prediction.

The LHC experiments have recently measured Br(BY — putp~) =
(3.040.4) x 102, consistent with the SM expectation. At present, there is
a lot of interest on the decays B — K (*)¢+¢~ where sizable discrepancies
between the measured data and the SM predictions have been reported.
In particular, the LHCb experiment has found the ratios of produced
muons versus electrons to be around 2.50 below the SM predictions,
both in B — K*¢T¢~ and in Bt — K1¢t¢~, suggesting a significant
violation of lepton universality. The current Belle-II measurements of
these ratios are consistent with the SM, but they are also compatible
with the LHCD results.
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9. Quantum Chromodynamics

Revised August 2019 by J. Huston (Michigan State U.), K. Rabbertz
(KIT) and G. Zanderighi (MPI Munich).

Our final world average value is:
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Figure 9.2: Summary of determinations of aS(M%) from the seven sub-
fields discussed in the text. The yellow (light shaded) bands and dashed
lines indicate the pre-average values of each sub-field. The dotted line
and grey (dark shaded) band represent the final world average value of
as(M2).
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10. Electroweak Model and Constraints on New

Physics

Revised April 2020 by J. Erler (IF-UNAM; U. of Mainz) and A. Freitas
(Pittsburg U.).

The standard model of the electroweak interactions (SM) [1-4] is
based on the gauge group SU(2) x U(1), with gauge bosons Wj, 1=1,2,3,
and By, for the SU(2) and U(1) factors, respectively, and the correspond-
ing gauge coupling constants g and ¢’.

80.40 prrrreres T T T frerrer e T Trrrr T s
80.39 e
80.38 =

= o 3

[ o ]

o E E

3 80.37F e
= o 3
80.36 =
E I direct (10)
F — indirect (10)
80.35 -
E s 2| data (90%)
170 177 178 179 180

Figure 10.5: One-standard-deviation (39.35%) regions in My as a func-
tion of m; for the direct and indirect data, and the 90% CL region
(Ax? = 4.605) allowed by all data.

Table 10.8: Values of Ts\%, s%/v, as, my and My for various data sets.
In the fit to the LHC data, the as constraint is from a combined NNLO
analysis of inclusive electroweak boson production cross-sections at the
LHC [315]. Likewise, for the Tevatron fit we use the o result from the
inclusive jet cross-section at D@ [316].

data set 52 s, as(Mz) my [GeV] My [GeV]
all data 0.23121(4)  0.22337(10) 0.1185(16) 173.2 £ 0.6 125
all data except My 0.23107(9)  0.22309(19)  0.1189(17) 1729 £ 0.6 908
all data except My 0.23111(6)  0.22334(10)  0.1185(16) 172.9 + 0.6 125
all data except My 0.23123(4)  0.22345(11)  0.1189(17) 172.9 £0.6 125
all data except my 0.23113(6)  0.22305(21)  0.1190(17) 176.3 £1.9 125
My 7z + Iz +my 0.23126(8)  0.22351(17) 0.1215(47) 172.9 £0.6 125
LHC 0.23113(10)  0.22337(13)  0.1188(16) 172.7 £0.6 125
Tevatron + Mz 0.23102(13)  0.22295(30)  0.1160(44) 174.3 £0.8  99F 32
LEP 1 + LEP 2 0.23137(18)  0.22353(46) 0.1235(29) 178 +11 2017773
LEP 1 + SLD 0.23116(17)  0.22348(58)  0.1221(27) 169 +10 807190
SLD + Mz + Iz +m;  0.23064(28) 0.22227(54)  0.1188(48) 1729 £0.6  37F 30
ALD My Iz +me 0.23176(27)  0.22467(66)  0.1266(46) 1729 +0.6 280+}§5
MVM + I,z +my 0.23103(12)  0.22302(25) 0.1198(44) 172.9 £0.6 84T 75
low energy + My z 0.23176(94) 0.2254(35)  0.1171(18) 156 +29 125
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Table 10.9: Values of model-independent neutral-
current parameters, compared with the SM predic-
tions, where the uncertainties in the latter are <
0.0001, throughout.
Quantity Experimental Standard Correlation
Value Model
975 —0.040 £ 0.015 —0.0398 —0.05
97% —0.507 +0.014 —0.5064
9%y +29% 0.4927 + 0.0031 0.4950 —0.88 0.20
29% — gj(}/ —0.7165 £ 0.0068  —0.7195 —0.22
eu €
29%% — 9Va —0.13 £ 0.06 —0.0954
9V 0.0190 + 0.0027 0.0227

The masses and decay properties of the electroweak bosons and low
energy data can be used to search for and set limits on deviations from
the SM.

06F 1

T2 Ohar

— — — e &V scattering

My

APV

asymmetries

R, R,

-08F | I Al (90% CL)

SM prediction

-1.0

04 06 08 10 12

Figure 10.6: 1 o constraints (39.35% for the closed contours and 68% for
the others) on S and T (for U = 0) from various inputs combined with
Myz. S and T represent the contributions of new physics only. Data sets
not involving Myy or I'yy are insensitive to U. With the exception of the
fit to all data, we fix as = 0.1185. The black dot indicates the Standard
Model values S =T = 0.
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11. Status of Higgs Boson Physics

Revised December 2019 by M. Carena (FNAL; Chicago U.; Chicago U.,
Kavli Inst.), C. Grojean (Theoriegruppe, DESY, Hamburg; Physik, Hum-
boldt U.), M. Kado (Rome U. Sapienza; INFN, Rome; U. Paris-Saclay,
IJCLab) and V. Sharma (UC San Diego).

The discovery of the Higgs boson in 2012 confirmed our understanding
of the fundamental interactions based on local symmetries spontaneously
broken by a non-trivial vacuum structure. It also offered an explanation
of the generation of mass in a chiral theory. However, new conundrums
about what lies beyond the Standard Model (SM) have come fore.

Since 2012, substantial progress has been made, yielding an increas-
ingly precise profile of the properties of the Higgs boson. New landmark
results have been achieved in the direct observation of the couplings of
the Higgs boson to the third generation fermions (the 7+ and the b and
top quarks).

Within the SM, all the production and decay rates of the Higgs boson
can be predicted to high accuracy in terms of its mass and of other
parameters already known with great accuracy, so the measurements in
the Higgs sector appraise the robustness of the SM.

Total SM production cross-section at LHC operating at 13 TeV
o3 ™V(H) = 55.1+2.8pb

T T

o(ggH) = 48.6 £ 2.8 pb o(VBF) = 3.78 £ 0.08 pb

q. W.2 9 roo—— t
. ___H

q \\H grm—<—f

oc(WH,ZH) = 1.37 £0.03,0.88 + 0.03 pb o(ttH) = 0.50 & 0.04 pb

Total SM Higgs boson width
Ty = (4.07 £ 4.0%) MeV

Main SM branching ratios and their relative uncertainty
Br(H — bb) = (5.82+ 1.2%) x 107' Br(H — WW) = (2.14 £ 1.5%) x 107!
Br(H — 77) = (6.27 £ 1.6%) x 102 Br(H — ZZ) = (2.62+ 1.5%) x 10~*
Br(H — vy) = (2.27+£2.1%) x 107% Br(H — Zv) = (1.53 £ 5.8%) x 107°
Br(H — c¢) = (2.89 + 3.75%) x 1072 Br(H — pf) = (2.18 £ 1.7%) x 10™*

Figure: Main leading order Feynman diagrams contributing to the Higgs
production at the LHC. The SM predictions for the production cross
sections at a centre-of-mass energy of 13 TeV and the branching fractions
for the dominant decay modes are indicated assuming a Higgs boson mass
of 125 GeV.
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The ATLAS and CMS experiments have measured the mass of the
Higgs boson in the diphoton and the four-lepton channels at per mille
precision, my = 125.10 + 0.14 GeV. The quantum numbers of the Higgs
boson have been probed in greater detail and show an excellent consis-
tency with the JF¢ = 0t+ hypothesis.

The coupling structure of the Higgs boson has been studied in a large
number of channels, in the main production mechanisms at the LHC
which are illustrated in the Figure. The Table summarises the ATLAS
and CMS measurements and limits on the cross sections times branching
ratios, normalised to their SM expectations in the main Higgs analysis
channels. Further information on the couplings of the Higgs boson are
also obtained from differential cross sections and searches for rare and
exotic production and decay modes, including invisible decays.

All measurements are consistent with the SM predictions and provide
stringent constraints on a large number of scenarios of new physics.

The review discusses in detail the latest developments in theories ex-
tending the SM to solve the fundamental questions raised by the existence
of the Higgs boson.

Table: Summary of the ATLAS (A) and CMS (C)
measurements of the signal strengths in the various
channels (the products of the production rates times
the branching ratios normalised to their SM values).
Results for the rare modes are reported in the column
corresponding to the primary production mode, while
the secondary production modes used in the analyses
are indicated as “Incl.”. Limits on the invisible (“Inv.”)
as well as Zvy and v*v decays are set at 95% confi-
dence level, and the expected sensitivities are given in

parentheses.

Decay mode ggH VBF VH ttH
v (A) 0.96 + 0.14 1.397049 1097538 1.347042
v (C) 1.15+0.15 0.879-2 2.371% 2.2710-88
4¢ (A) 1.05+0.16 2.68170-9% 0.687 428 12758
e 007N 0eat0d 115t ot
WW* (A) 1.08+0.19  0.59+0.36  3.27+1.84  1.50£0.58
WW* (C) 1357020 0.59+0.36  3.27+1.84  1.50+0.58
T (A) 0965035 116153 - Lasipgg
7= (C) 0.3675-35 1.03703%  —0.33+£1.02  0.28+1.02
bb (A) 5.8+4.0 25+13  116+£0.26  0.79£0.60
bb (C) 2.3+ 1.7 13+12  1.01£022  149+0.44
utu= (A) 0.5+£0.7 Incl. - -
utp= (C) 1.0£1.0 - - -
Zv (A) < 6.6(5.2) Incl. - -
Zv,v*y (C) < 3.9(2.0) Incl. Incl. -
Inv. (A) — <37T% (28%)  <67% (39%) -

Inv. (C) <66% (59%) <33% (25%) <40% (42%) <46% (48%)
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12. CKM Quark-Mixing Matrix

Revised March 2020 by A. Ceccucci (CERN), Z. Ligeti (LBNL) and Y.
Sakai (KEK).

Highlights from full review.

Vud Vus Vub
Vekm = VAV = | Veg Ves Vi |- (12.2)
Via Vis Vi

This Cabibbo-Kobayashi-Maskawa (CKM) matrix [1,2] is a 3 X 3 unitary
matrix. It can be parameterized [3] by three mixing angles and the CP-
violating KM phase [2].

Motivated by the Wolfenstein parameterization to exhibit the hierar-
chical structure of the CKM matrix, we define [4-6]

Vi
%7 S93 = AN2 = )\
V| Vual? + [Vus |2 V“s
A)\3(ﬁ+iﬁ)\/1 — A2)4
VI=Z[1— A2 (5 + )]

s12 = A=

s13¢”’ = Vi, = AN (p +in) =

(12.4)

These ensure that p + i = —(VuaV,5)/(VeaV;) is phase convention
independent, and the CKM matrix written in terms of A, A, p, and 7 is
unitary to all orders in A. To O(A\?) one can write Vo as

1—22/2 A AX3(p — i)
VokM = -2 1—22/2 AN? +0o0Y.
AN(1—p—in) —AN? 1

(12.5)

The unitarity implies ZZ VijVi = djk and Zj Vij Vk*j = ;5. The

six vanishing combinations can be represented as triangles in a complex

plane. The areas of all triangles are the same and are half of the Jarlskog

invariant, J [7], which is a phase-convention-independent measure of C' P

violation, defined by Im[V;; VMV*V* = sz,n €ikmEjin- The most
commonly used unitarity triangle arises from

Vaud Vo +Vea Vi +Via Vi, = 0, (12.6)

by dividing each side by the best-known one, Vcq4V_; (see Fig. 12.1).

0.0 (1,0)
Figure 12. 1 Sketch of the unitarity triangle.
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The magnitudes of the independently measured CKM elements are

0.97370 £ 0.00014  0.2245 £+ 0.0008 0.00382 £ 0.00024
VekMm = 0.221 £ 0.004 0.987 £0.011 0.0410 £ 0.0014 |,
0.0080 £+ 0.0003  0.0388 + 0.0011 1.013 £ 0.030

and the angles of the unitarity triangle are
sin(283) = 0.699 £ 0.017, a= (849151, 4= (121751)°.

Using those values, one can check the unitarity of the CKM matrix:
[Vdl? + [Vus|? + [V |? = 0.9985 £ 0.0005 (1st row), |Veq|? + |Ves|? +
|Vep|? = 1.02540.022 (2nd row), |Via|? +|Veal? +|Vig|? = 0.997040.0018
(1st column), and |Vis|? + |Ves|? + |Vis|? = 1.026 £0.022 (2nd column).

12.4 Global fit in the Standard Model

A global fit with three generation unitarity imposed gives

_ _ +0.017
A = 0.22650 +0.00048, A =0.79070-017
p=0.14170015 7= 0.357 £0.011, (12.26)
0.97401 £ 0.00011  0.22650 + 0.00048  0.0036115-350%1
Vexm = | 0.22636 £ 0.00048  0.97320 +0.00011  0.0405375 00058 | |
+0.00023 +0.00082 +0.000024
0‘00854—0.00016 0'03978—0.00060 0'999172—0.000035
(12.27)
. . _ +0.15 5
and the Jarlskog invariant of J = (3.0070_09) x 107°.
1.5 L ‘ T T ‘ T 1T ‘ T 17T ‘ T T T 17T
: excluded area has CL > 0.99 3 :
L ¥ ]
1.0 - -
L Amg& Amg
i ]
05 - .
I= 00 B
- 1
-0.5 - —
1.0 - &
[ Y sol.w/cos28<0 |
_1.5 L I I | ‘ | i | | ‘ | | ‘ I B | ‘ | | ]
-1.0 -0.5 0.0 05 1.0 1.5 2,0

Figure 12.2: Constraints on the p, 77 plane from various measurements and
the global fit result. The shaded 99% CL regions overlap consistently.
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13. C'P Violation in the Quark Sector

Revised August 2019 by T. Gershon (Warwick U.) and Y. Nir (Weizmann
Inst.).

Within the Standard Model, C'P symmetry is broken by complex
phases in the Yukawa couplings (that is, the couplings of the Higgs
scalar to quarks). When all manipulations to remove unphysical phases
in this model are exhausted, one finds that there is a single C'P-violating
parameter [17]. In the basis of mass eigenstates, this single phase appears
in the 3 x 3 unitary matrix that gives the W-boson couplings to an
up-type antiquark and a down-type quark. The beautifully consistent and
economical Standard-Model description of C'P violation in terms of Yukawa
couplings, known as the Kobayashi-Maskawa (KM) mechanism [17], agrees
with all measurements to date. Furthermore, one can fit the data allowing
new physics contributions to loop processes to compete with, or even
dominate over, the Standard Model amplitudes [18,19]. Such analyses
provide model-independent proof that the KM phase is different from zero,
and that the matrix of three-generation quark mixing is the dominant
source of C'P violation in meson decays.

The current level of experimental accuracy and the theoretical
uncertainties involved in the interpretation of the various observations
leave room, however, for additional subdominant sources of C'P violation
from new physics. Indeed, almost all extensions of the Standard Model
imply that there are such additional sources. Moreover, C'P violation
is a necessary condition for baryogenesis, the process of dynamically
generating the matter-antimatter asymmetry of the Universe [20].
Despite the phenomenological success of the KM mechanism, it fails (by
several orders of magnitude) to accommodate the observed asymmetry [21].
This discrepancy strongly suggests that Nature provides additional sources
of C'P violation beyond the KM mechanism. The expectation of new
sources motivates the large ongoing experimental effort to find deviations
from the predictions of the KM mechanism.

Using the notation M9 to represent generically one of the K, D%, BO
or BY particles, we denote the state of an initially pure |M9) or [MO)
after an elapsed proper time t as |Mgh J() or [M phys( )), respectively.
Defining z = Am/T" and y = AT'/(2I'), where Am and AT are the
mass and width differences between the two eigenstates of the effective
Hamiltonian, [Mp) o< p|M9) +¢|MO%) and [My) < p|MO) —q[MO), and
I is their average width, one obtains the following time-dependent rates
for decay to a final state f:

Fw dU [M3o(t) — f]/dt =

|Af\2 {(1 + |)\f\2) cosh(yI't) + (1 - |)\f|2> cos(zT't)
+2Re(Af)sinh(yI't) — 2Zm(Ag) sin(al't)} ,

— /\/ —r D [MO, ((8) — f] /dt =

|(p/q)Af|2 {(1 + \)\f|2> cosh(yI't) — (1 — \/\f|2> cos(aI't)
+2Re(Af)sinh(yI't) + 2Zm(Ag) sin(aI't)} ,
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where N is a normalization factor and Ay = (¢/p)(Ay/Af) with Ay (Ay)
the amplitude for the MO (MO) — f decay. Considering the case that f is
a CP eigenstate, we distinguish three types of C P-violating effects that
can occur in the quark sector:

I. CP violation in decay, defined by \Z?/Aﬂ #1.

II. CP violation in mixing, defined by |¢/p| # 1.

III. CP violation in interference between decays with and without

mixing, defined by arg(As) # 0.
It is also common to refer to indirect C'P wviolation effects, which are
consistent with originating from a single C'P violating phase in neutral
meson mixing, and direct C P wviolation effects, which cannot be explained
in this way. CP violation in mixing (type II) is indirect; C'P violation in
decay (type I) is direct.
Many CP violating observables have been studied by experiments.

Here we summarise only a sample of the most important measurements,
including some parameters defined using common notation for the

asymmetry between thys(t) and thys(t) time-dependent decay rates

Ay (t) = Sysin(Amt) — Cy cos(Amt),

where Sy =2Zm(A\f)/ (1 + |)\f}2), Cr= <1 — |)\f|2> / (1 + |)\f}2>.
e Indirect C'P violation in K — 7 and K — wlv decays, given by
e] = (2.228 +0.011) x 1073

e Direct C'P violation in K — 7m decays, given by
Re(€ /) = (1.65 + 0.26) x 1073

e Direct C'P violation has been established in the difference of

asymmetries for D9 — KT K~ and D° — a7~ decays

Aacp = (—0.164 4 0.028) x 1073,

e C'P violation in the interference of mixing and decay in the
tree-dominated b — ¢@s transitions, such as BY — ) Kg, given by

S¢K0 = +0.699+0.017.

Within the Standard Model, this result can be interpreted with low
theoretical uncertainty as measurement of sin(23), where 3 is an
angle of the unitarity triangle.

e The C'P violation parameters in the B — 7t7~ mode,

Sptp— =-063£0.04, C 4 - =-0324+0.04.

s s
Together with measurements of other B — n7m and similar decays,
these results can be used to obtain constraints on the angle « of the
unitarity triangle.
e Direct C'P violation in BT — DK™ decays, where D4 and Dyt
represent that the D meson is reconstructed in a C'P-even and the
suppressed K 7t final state respectively,

Ap+ ,p g+ =+0120£0012, Aps ,p g+ = —0.41£0.06.
ks
Together with measurements of other B — DK and similar decays,

these results can be used to obtain constraints on the angle v of the
unitarity triangle.
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14. Neutrino Masses, Mixing, and Oscillations

Revised August 2019 by M.C. Gonzalez-Garcia (YITP, Stony Brook;
ICREA, Barcelona; ICC, U. of Barcelona) and M. Yokoyama (Tokyo
U.; Kavli IPMU (WPI), U. Tokyo).

The weak neutrino eigenstates |vo), i. e. the states produced in the
weak CC interaction by the charged leptons ¢, (o = 1,2,3), are linear
combination of the mass eigenstates |v;) (i = 1,2,3) (eigenvalues m;)

n

va) =Y Usilvi), (14.35)

1=1

where U is the mixing matrix. U, assumed to be unitary, can be expressed
in terms of three mixing angles, taken by convention 0 < 6;; < 7/2, and
phases € (0,27). Experimentally, two masses are close to one another,
while the third is more separated. The former ones are defined as vy
and vg, with the lighter being v;. The sign of the larger mass difference
defines two possible mass orderings, either “normal” (NO) m3 > mo >
mi, or “inverted” (I0) ma > mi1 > ms. Experiments show that |Ue1| >
|Ue2| > |Ues|. The mixing matrix is given by

U=
c12 €13 512 €13 s13 e
—s12c23 —c12 5135230 c12co3 — S12813 523 € c13 823 X
$12 823 — c12 813 c23€’®  —ci2823 — s12813c23€®  c13c23
x diag(e™ et 1) (14.33)

where ¢;; = cosf;;, s;; = sinf;;, § = dcp. The phases 1 and 72 are
physical if neutrinos are Majorana particles (but irrelevant for oscillations
and matter effects), while can be absorbed in the wave functions in the
Dirac case. For propagation in vacuum, assuming the state |vq(t) > to
be a plane monoenergetic ultra-relativistic wave (namely p ~ E), the
oscillation probability between two flavours « and 8 is

Pap =0ag =4 Y RUail5,U%;Us;]sin? X

i<j

n
+2 Z SUaiU3;Uz,Uss) sin2X 55, (14.39)

i<j

where
m? — mz. L m?. L/E
Xij = (i —mp)L =1.267 —2 L. (14.40)
4F éV2 m/MeV

When neutrinos propagate in a dense medium, while absorption is neg-
ligible, the effect of coherent interaction with matter, being proportional
to G, rather than to G%, is not; it affects neutrino phase velocity. In
a neutral medium containing nuclei and electrons, the effective potential
at point z, with electron density ne(x), is

V = diag (£V2GF ne(z), 0, 0) (14.58)
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Where the sign + is for neutrinos, — for antineutrinos. In the relevant
case of solar neutrinos, ve are produced in the core. The propagating
system is effectively a two-state one, ve — vx (X is a superposition of
vy, and vr, which is arbitrary because v, and v; have only NC that are
equal). If 6 is the mixing angle (in vacuum) and Am? the square mass
difference, the instantaneous mixing angle in matter 6,,(x) is given by

Am? sin 20

tan 26, = .
an (@) Am?2 cos 20 — 2EGpne(x)

(14.61)

Depending on neutrino energy and mixing angle in vacuum, the denom-
inator can cross zero at a certain x. This “resonance” condition may
result in an adiabatic flavour conversion in matter (Mikheev-Smirnov-
Wolfenstein Effect). The mixing parameters are obtained from global fits
to the neutrino data, relative to both phenomena. Fits are performed
by three different groups (NUFIT, BARI and VALENCIA), separately
for NO and IO. The following is a summary of Table 14.7 of the main
review (NUFIT without the SuperKamiokande analysis of matter effects
in atmospheric neutrinos)

Table 14.7: Global fit results

Parameter NUFIT w/o SK-at BARI VALENCIA
NO
sin? 012/10~ 1 3.107573 3.0470 7% 3.207570
sin® f23/10~! 5.5870-20 5517005 [ 5.4770-20
sin® f13/10~2 2.24170 008 2.1470°0% [ 2.160750%%
Scp/° 222758 238732 218758
AmZ, /meV?2 73.975°0 73.47 07 75.57 70
AmZ, /meV? 2449752 2419737 2424750
10 Ax? =62 Ax? =95 | Ax? =117
sin® 012/10~1 3.1070-15 3.037017 | 3.2070%0
sin® f3/10~1 5.6370° 0% 5577007 | 5517018
sin® 613/10~2 2.261700%7 2.1870-0% [ 2.22075 0%
dcp/° 2857 5% 247758 281753
AmZ, /meV?2 73.975°0 734717 75.57 70
Am?Z, /meV?2 —2509755 —2478750 | —2500750

Fig. 14.9 shows the allowed regions of the NUFIT analysis in terms,
as an example, of one of the six leptonic unitary triangles (taking U as
unitary by definition)

Information on the absolute scale of neutrino masses comes from three
different sources.

1 Cosmology provides indirect limits on the sum of neutrino masses
Z?:l m; (see Sec. 25. Neutrinos in cosmology).

2 Measurements, with sub-eV energy resolution, of the end-point of
the electron energy spectrum in the decay *H — 3He +e~ + 7
gives direct information on (m,e,ff)2 = Z?:l m?|Ug;|?. First result
released by the KATRIN experiment provide m,e,{ f < 1.1eV at 90%
CL.

3 Neutrino-less double beta decay (A,Z) — (A,Z + 2) + 2e~ is for-
bidden in the SM as it violates lepton number conservation (by
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2 units). However, if neutrino is a Majorana particle measure-
ments of the half-lives T0% of different isotopes give information

1/2

on Mee = | Zle miUeQZ. . The sensitivity reached by experiments
on 136Xe and "6Ge (Tlo/"2 ~ 1026yr) give bounds of mee < 61 — 165
meV.

T T 171 T T 1 T T 1 LI B B B

| o —

Uu.u
i 2=-mft 2 ]
| Uul Uus |

Re(z)
Figure 14.9: Leptonic unitarity triangle for the first and third columns
of the mixing matrix. After scaling and rotating the triangle so that two
of its vertices always coincide with (0,0) and (1,0) the figure shows the
1o, 90%, 20, 99%, 30 CL (2 dof) allowed regions of the third vertex for
the NO from the analysis in Ref. [187,188].
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Revised August 2019 by C. Amsler (Stefan Meyer Inst.), T. DeGrand
(Colorado U., Boulder) and B. Krusche (Basel U.).

The quarks are strongly interaction spin-1/2 fermions, whose parity is
positive by convention. The charges of the u , ¢, and ¢ quarks are +2/3,
while those of the d, s, and b are —1/3. Their anti-quarks have the
opposite charges and parities. By convention, the s quark is said to have
negative strangeness and the ¢ quark positive charm. The two lightest
quarks, v and d, obey to a high degree an SU(2) symmetry called isospin,
with u having I, = 1/2 and d having I, = —1/2. The other quarks can
be assigned zero isospin.

Quarks have baryon number B = 1/3, while anti-quarks have B =
—1/3. The mesons, which are pairs of quarks and anti-quarks, have
B = 0 and can be characterized by their intrinsic spin s, orbital an-
gular momentum ¢, and total spin J, lying between [£ — s| and £ + s.
The charge conjugation,or C, of meson is (—1)¢** while its parity is
(71)Z+1. G-parity combines the charge-conjugation and isospin symme-
tries: G = Ce~*"ly. Mesons made of a quark and its antiquark are
G-parity eigenstates with G = (—1)TH¢+s,

The three lightest quarks, u, d, and s, respect an approximate sym-
metry, flavor SU(3), with quarks belonging to the 3 representation and
anti-quarks to the 3 representation. The quark-anti-quark states made
from u, d, and s can be classified according to

33=801. (15.3)

A fourth quark such as charm ¢ can be included by extending SU(3) to
SU(4). However, SU(4) is badly broken owing to the much heavier ¢
quark. Nevertheless, in an SU(4) classification, the sixteen mesons are
grouped into a 15-plet and a singlet:

44=1591. (15.4)

Baryons are made of three quarks (aside from a five-quark state re-
cently observed at the LHC), allowing for more complex possibilities.
The flavor SU(3) content of baryons made of u, d, and s is governed by

3®3®3=100808d 1. (15.29)

The intrinsic spin of the three quarks yields either s = 1/2 or s = 3/2.
The proton and neutron are members of an octet, while the spin-3/2
A*t is a member of a decuplet.

The strong interactions are described by the color SU(3) gauge the-
ory, with each quark coming in three “colors.” The color triplets interact
through a color octet of gluons, gauge vector bosons. These are respon-
sible for the formation of the bound states, mesons and baryons.
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22. Big-Bang Cosmology

Revised August 2019 by K.A. Olive (Minnesota U.) and J.A. Peacock
(Edinburgh U.).

22.1.1 The Robertson- Walker Universe

The observed homogeneity and isotropy enable us to write the most
general expression for a space-time metric which has a (3D) maximally
symmetric subspace of a 4D space-time, known as the Robertson-Walker
metric:

dr?

ds? = dt? — R?(t) | ——
3 ® 1— kr?

+ 72 (d9? + sin? 0 d¢?) | . (22.1)

Note that we adopt ¢ = 1 throughout. By rescaling the radial coordinate,
we can choose the curvature constant k to take only the discrete values
+1, —1, or 0 corresponding to closed, open, or spatially flat geometries.

22.1.3 The Friedmann equations of motion
The cosmological equations of motion are derived from Einstein’s
equations
Ruv — 29uR = 87GxnTyw + Mg (22.6)
It is common to assume that the matter content of the Universe is a
perfect fluid, for which

Tuv = —pguv + (p + p) upuw, (22.7)

where g, is the space-time metric described by Eq. (22.1), p is the
isotropic pressure, p is the energy density and v = (1,0,0,0) is the ve-
locity vector for the isotropic fluid in co-moving coordinates. With the
perfect fluid source, Einstein’s equations lead to the Friedmann equations

L\ 2
R 81 Gn p k A
H?2 = (R> =— = + 3 (22.8)

and .

R A 4TI'GN

- == - + 3p), 22.9

= =5 T (ot ) (229)
where H(t) is the Hubble parameter and A is the cosmological constant.
The first of these is sometimes called the Friedmann equation. Energy

conservation via T*f;: = 0, leads to a third useful equation

p=—3H(p+p). (22.10)

Eq. (22.10) can also be simply derived as a consequence of the first law
of thermodynamics.

22.1.5 Standard Model solutions
22.1.5.1 Solutions for a general equation of state

Let us first assume a general equation of state parameter for a single
component, w = p/p which is constant. In this case, Eq. (22.10) can be
written as p = —3(1 + w)pR/R and is easily integrated to yield

pox R7304w) (22.16)

Curvature domination occurs at rather late times (if a cosmological con-
stant term does not dominate sooner). For w # —1,

R(t) oc £2/[B0+w)] (22.17)
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22.1.5.2 A Radiation-dominated Universe

In the early hot and dense Universe, it is appropriate to assume an
equation of state corresponding to a gas of radiation (or relativistic par-
ticles) for which w = 1/3. In this case, Eq. (22.16) becomes p & R~4.
Similarly, one can substitute w = 1/3 into Eq. (22.17) to obtain

R(t) < t'/2;  H=1/2t. (22.18)

22.1.5.3 A Maitter-dominated Universe

Non-relativistic matter eventually dominates the energy density over
radiation. A pressureless gas (w = 0) leads to the expected dependence
p o< R73, and, if k = 0, we obtain

R(t) o t2/3; H =2/3t. (22.19)

22.1.5.4 A Universe dominated by vacuum energy

If there is a dominant source of vacuum energy, acting as a cosmologi-
cal constant with equation of state w = —1. This leads to an exponential
expansion of the Universe:

R(t) o« VAL, (22.20)

22.3 The Hot Thermal Universe

22.3.2 Radiation content of the Early Universe

At the very high temperatures associated with the early Universe,
massive particles are pair produced, and are part of the thermal bath.
If for a given particle species ¢ we have T' > m;, then we can neglect
the mass and the thermodynamic quantities are easily computed. In
general, we can approximate the energy density (at high temperatures)
by including only those particles with m; < T'. In this case, we have

2

7 R 4
p= }B:gmg;gF STt =g N T, (22.42)

where gp(f) is the number of degrees of freedom of each boson (fermion)
and the sum runs over all boson and fermion states with m < T.
Eq. (22.42) defines the effective number of degrees of freedom, N(T),
by taking into account new particle degrees of freedom as the tempera-
ture is raised.

The value of N(T') at any given temperature depends on the particle
physics model. In the standard SU(3) x SU(2) x U(1) model, we can
specify N(T') up to temperatures of O(100) GeV. At higher temperatures,
N(T) will be model-dependent.

In the radiation-dominated epoch, Eq. (22.10) can be integrated (ne-
glecting the T-dependence of N) giving us a relationship between the age
of the Universe and its temperature

1/2
L= (790 ) 72, (22.43)
32m3GN N (T)

Put into a more convenient form
TR0y = 24N (D)2, (22.44)

where t is measured in seconds and Tyjey in units of MeV.
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Revised August 2019 by L. Baudis (Zurich U.) and S. Profumo (UC Santa
Cruz).

27.6 Laboratory detection of dark matter

Laboratory searches for DM particles can be roughly classified in di-
rect detection experiments, axion searches, and searches at accelerators
and colliders.

27.6.1 Searches at Accelerators and Colliders

Various searches for dark matter have been carried out by the CMS
and ATLAS collaborations at the LHC in pp collisions [99-103]. In gen-
eral, these assume that dark matter particles escape the detector without
interacting leading to significant amounts of missing energy and momen-
tum.

27.6.2 Direct detection formalism

Direct detection experiments mostly aim to observe elastic or inelastic
scatters of Galactic DM particles with atomic nuclei, or with electrons in
the detector material. Predicted event rates assume a certain mass and
scattering cross section, as well as a set of astrophysical parameters: the
local density pg, the velocity distribution f(¥), and the escape velocity
Vese (see Sec. 27.4).

Figure 27.1 shows the best constraints for SI couplings in the cross
section versus DM mass parameter space, above masses of 0.3 GeV.
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[a)

107 1012
10750 0-14

10° 10! 10° 0¥
m, (GeV)

Figure 27.1: Upper limits on the SI DM-nucleon cross section as a func-
tion of DM mass.

27.7 Astrophysical detection of dark matter

DM as a microscopic constituent can have measurable, macroscopic
effects on astrophysical systems. Indirect DM detection refers to the
search for the annihilation or decay debris from DM particles, resulting
in detectable species, including especially gamma rays, neutrinos, and
antimatter particles. The production rate of such particles depends on
(i) the annihilation (or decay) rate (ii) the density of pairs (respectively,
of individual particles) in the region of interest, and (iii) the number of
final-state particles produced in one annihilation (decay) event.
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29. Cosmic Microwave Background

Revised August 2019 by D. Scott (U. of British Columbia) and G.F.
Smoot (HKUST; Paris U.; UC Berkeley; LBNL).

29.2 CMB Spectrum

It is well known that the spectrum of the microwave background is
very precisely that of blackbody radiation, whose temperature evolves
with redshift as T'(z) = To(1 + z) in an expanding universe.

29.3 Description of CMB Anisotropies

Observations show that the CMB contains temperature anisotropies
at the 1075 level and polarization anisotropies at the 1076 (and lower)
level, over a wide range of angular scales. These anisotropies are usually
expressed using a spherical harmonic expansion of the CMB sky:

T(0,6) = atmYem(0,9) (20.1)

£m

(with the linear polarization pattern written in a similar way using the so-
called spin-2 spherical harmonics). Increasing angular resolution requires
that the expansion goes to higher multipoles. Because there are only
very weak phase correlations seen in the CMB sky and since we notice
no preferred direction, the vast majority of the cosmological information
is contained in the temperature 2-point function, i.e., the variance as a
function only of angular separation. Equivalently, the power per unit In ¢

is sz |agm|? /4m.

29.3.1 The Monopole

The CMB has a mean temperature of T, = 2.7255+0.0006 K (10) [23],
which can be considered as the monopole component of CMB maps, ago.
Since all mapping experiments involve difference measurements, they are
insensitive to this average level; monopole measurements can only be
made with absolute temperature devices, such as the FIRAS instrument
on the COBE satellite [24]. The measured kT, is equivalent to 0.234 meV
or 4.60 x 10710 mec2. A blackbody of the measured temperature has a
number density ny = (2¢(3)/7?) T:;’ ~ 411cm~3, energy density py =
(72/15) T+ ~ 4.64 x 1073* gem™3 ~ 0.260eV cm ™3, and a fraction of
the critical density Q ~ 5.38 x 107°.

29.3.2 The Dipole

The largest anisotropy is in the ¢ = 1 (dipole) first spherical har-
monic, with amplitude 3.3621 + 0.0010 mK [13]. The dipole is inter-
preted to be the result of the Doppler boosting of the monopole caused
by the Solar System motion relative to the nearly isotropic blackbody
field, as broadly confirmed by measurements of the radial velocities of
local galaxies (e.g., Ref. [25]).

29.3.3 Higher-Order Multipoles

The variations in the CMB temperature maps at higher multipoles
(£ > 2) are interpreted as being mostly the result of perturbations in the
density of the early Universe, manifesting themselves at the epoch of the
last scattering of the CMB photons.
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Figure 29.1: Theoretical CMB anisotropy power spectra, using the best-
fitting ACDM model from Planck, calculated using CAMB. The panel on
the left shows the theoretical expectation for scalar perturbations, while
the panel on the right is for tensor perturbations, with an amplitude set
to r = 0.01 for illustration.
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Figure 29.2: CMB temperature anisotropy band-power estimates from
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oretical line to guide the eye; however, the curve plotted is the best-fit
Planck ACDM model.
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Revised October 2019 by J.J. Beatty (Ohio State U.), J. Matthews
(Louisiana State U.) and S.P. Wakely (Chicago U.; Chicago U., Kavli
Inst.).

Cosmic ray spectra are expressed in terms of differential intensity [
with units [m~2 s~ lsr~1£~1], where the unit for £ is chosen from energy
per nucleon, energy per nucleus, and magnetic rigidity depending on the
application.

Primary Cosmic Rays

The intensity of primary nucleons in the energy range from several
GeV to somewhat beyond 100 TeV is given approximately by

nucleons

~ 4 —«
IN(E) = 1.8 x 10*(E/1 GeV) % 5o GaV
where E is the energy-per-nucleon (including rest mass energy) and o =
2.7 is the differential spectral index. About 74% of the primary nucleons
are free protons and about 70% of the rest are bound in helium nuclei. At
higher energies, the all-particle spectrum in terms of energy per nucleus
is used. Above a few times 101% eV the spectrum steepens at the ‘knee’,
again steepens at a ‘second knee’ near 1017 eV, and flattens at the ‘ankle’
near 10185 eV. Above 5 x 1019 eV the spectrum steepens rapidly due to
the onset of inelastic interactions with the cosmic microwave background.

Secondary Cosmic Rays at Sea Level

Cosmic rays at sea level are mostly muons from air showers induced
by primary cosmic rays. The integral intensity of vertical muons above
1 GeV/c at sea level is ~ 70 m~2 s~ !sr~!. The overall angular distribu-
tion of muons at the ground as a function of zenith angle 6 is o cos? 6.
This results in a muon rate of about 1 cm~2 min—! for a thin horizontal
detector. In addition to muons, there is a significant component of elec-
trons and positrons with an integral vertical intensity very approximately
30, 6, and 0.2 m~2s st~ ! above 10, 100, and 1000 MeV respectively,
with a complicated angular dependence. The integral intensity of verti-
cal protons above 1 GeV/c at sea level is ~ 0.9 m~2sr~!, accompanied
by neutrons at about 1/3 of the proton flux.

Particles in the Atmosphere and Underground

At altitudes h between 1 and 6 km above sea level the vertical flux
of particles with £ > 1 GeV is dominated by muons with a flux of
~ 100 m~2s~1sr=! x (h/km)0-42.

The underground charged particle flux is predominantly muons. For
ice or water at depth d > 1 km the vertical flux is ~ 2.2 x 1072 m~2s~!
sr™1 x (d/km)~*5. Below depths of ~ 20 km w.e., most remaining
muons are produced by neutrino interactions. The upward-going verti-
cal intensity of muons above 2 GeV is ~ 2 x 1072 m~2s~!sr—!. The
horizontal intensity below 20 km w.e. is about twice the upward-going
vertical intensity.

For details and references see the full Review of Particle Physics.
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Revised August 2019 by M.J. Syphers (Northern Illinois U.; FNAL) and
F. Zimmermann (CERN).

The number of events, Negp, is the product of the cross section of
interest, oesp, and the time integral over the instantaneous luminosity, L:

Newp = Gep X /L(t)dt. (31.1)

Today’s colliders all employ bunched beams. If two bunches con-
taining n1 and n2 particles collide head-on with frequency f.on, a basic
expression for the luminosity is

nin
L= feon—"7—F (31'2)

* *
drojoy

where ¢ and o} characterize the rms transverse beam sizes in the hor-
izontal (bend) and vertical directions at the interaction point, and F is
a factor of order 1, that takes into account geometric effects such as a
crossing angle and finite bunch length, and dynamic effects, such as the
mutual focusing of the two beam during the collision.

For a beam with a Gaussian distribution in z,z’, the area containing
one standard deviation o, divided by =, is used as the definition of
emittances:

£p = -2, (31.11)

with a corresponding expression in the other transverse direction, y.
Eq. 31.2 can be recast in terms of emittances and amplitude functions

as
ning

—_— F
dny ez By ey By

Here, 8* is the value of the amplitude function at the interaction point.

A bunch in beam 1 presents a (nonlinear) lens to a particle in beam 2
resulting in changes to the particle’s transverse tune with a range char-
acterized by the beam-beam parameter

L=f (31.12)

MeTeq14211 0 5

&y,2 (31.13)

= * * *
27TmA»2720-y,1(0-z,1 + O—y,l)

where 7. denotes the classical electron radius (re &~ 2.8 x 10715 m), me
the electron mass, g1 (g2) the particle charge of beam 1 (2) in units of
the elementary charge, and m 4 > the mass of beam-2 particles.

Eq. 31.2 for linear colliders can be written as:

137 P,
~ wall N Hp . (31.14)
87re FEem O’;

Here, Pyan is the total wall-plug power of the collider, n = P,/Pyan the
efficiency of converting wall-plug power into beam power P, = feonnEem,
Ecm the cms energy, n (= n1 = n2) the bunch population, and o} the
vertical rms beam size at the collision point. In formulating Eq. 31.14 the
number of beamstrahlung photons emitted per e, was approximated as
Ny = 2aren/o}, where o denotes the fine-structure constant.



Accelerator Physics of Colliders 221

31.

v'e 10 (@)10°0 ‘(?)og e/u 79 001 (MIN) ssof romod Yg
00¢ 0TT1T (d)ess ‘(2)g1 (urexy ur) 9 z61 ¥'S ‘6 ‘06€T (V) juermo weeq ofeIony
0T réd (d)zz ‘(2)€z0 4 GT ‘8 LT ‘eT ‘L1 (10T) younq rod sopIfIed
00¥ 00% (d)oov ‘(2)008 00€T 099 008 ‘00¥ ‘00¥ (zHIN) Lousnboxy .y
08-0TT . (oL 870°0 ‘TPO'0 ‘A | ST'O ‘T'0O:A | 9T'0‘T°0 ‘8070 A (wo) jutod uopoRIdjUL
(@)o¢ T ‘el H 9¢ ‘0z ‘0 00T ‘0€ ‘ST ‘H je uorjouny opnyridure *, g
(‘yun) 6'¢-9°9 8’8 (punox) ¢y @mw..w F,mmm@%“% foﬁ.m MMO%M/ S.womﬁo%%@o._w”\/ (wrl) oz1s wreaq dp
08 08 (d)ggL ‘(@) 90°0 €0 £¢ e 8¢ ‘€' ‘T°al (ww ‘surr) yiSuel young
6200 6200 6200 680 89°0 ‘GZ0°0 6’8 ‘GL°0 ‘CTO0 (s7) suorsI[oo uvamlaq SUILT,
0g—¢ 91 80 8T ‘FT € ‘e 9T ‘G'8 ‘08¢ (8/ gm0/ 460T) Aysourmnry
i ¥ e 1 1 z z suorga1 uorjorILIU]
GL'L6 292 (d) 19z ‘(2)6 1€ ‘602 001 GLL6 (wnsy) yySuer] / eouszeywnoIL)
0¢ cer (d) L “(2)90°0 ¢z'0 ‘GET0 0ZT°0 ‘9F0°0 | €8T'0 ‘0ZT°0 ‘9¥0°0 (AeL) AS10U0 UIRDE
dad dd da _942 _949 _9,49 soroadg
qU-DDA OHT-HH DPH'T DI DJHAD 99-DDA

‘M09 [[NJ 9} Ul punoj oq os[e ued ‘ISPI[[0O UONW € FUIPN[OUl ‘SIOPI[[00 A3Ieus-y3Iy pesodoid 1oyjo I10J siojourered
'se[qe) 919[dwod 10} M21a2Y] [[NJ 99§ "SUOIIDLIIP [RIIJISA PUR [RIUOZLIOY 9)edIpul A pur f 's'wrl ‘ojerrdordde aieym ‘ere senrjueny) -pojeredss
-RUITIOD dIR SOLIRUSDS AFIoUe Wea( JUSISPIP )M POJRIDOSSE SIojouielIed "SIOPI[[00 ASIoUa-3IY aInjny pejoa[es Jo siojourered oAljejus], :9[qe],



32. High-Energy Collider Parameters

222

3 USIy g ‘18101 ¥ T T T 4 SUOLZaI UOT}ORIONU]

62°0 < £0 (A) =0T X T *(H) 080°0 42 62T0°0°A S0'0:A IT°0 - S0°0:A (w) qurod uoporIR)UL

(A) 01 X T “(H) 0900 :-2 0'T:H SL0H 11°0 - S0°0'H ye uorpouny apnyydure ¢, ¢f

8¢ €L0 — wwwwcﬂﬁwzhw@%%ﬁ \\OA\VM.NTWLﬂ : €9°0F (a3 g0+ uor1ovISUI 1R QMMWMMHM

i (3 520 (i) aot ey ooorn | (Pon et (1 -01) suprs o

8 9°0/¢°0 142/ _2 T < 7 (uo) yySuel young

G0T'0 18°0/%9°0 :42/_2 T80 1 1.0 (¢—0T syun) pesds A310ug]

S6'7C G9 8 009 ov (su) suorsI[[0d weeM)aq dUIL],

J0TX TG 70T X 88°T 000T 0% 0 (;—Sg—ud (c0T) Aysourmang

0099 VgL e (xew Ge'7) 68T 9 01 (AeD) AB10U6 WEDq WNWIXE]

dd _942 _9,49 _9,49 _9,49 PapI[[00 sofo1req

6002 810¢ 8002 7661 0102 oyep Jrels sorshyd
(NgED) (>1a31) (euryD) (fsaqusosoN) | ([saIqisosoN)
OH'T adasedng 11-DdHd INV-ddHA 0002-ddHA

‘so[qe) 99o[dwod 10] MY [[NJ 99 ‘Papn[oul aIe G10g-8107 Ul Surperodo
SISPI[[0D PoJI9[as AJUO :SUOIJDLIIP [BJILIOA PUR [RJUOZLIOY 9)eIIPUl A PuUe [ ‘ASIoUs weaq 0} IoJol SOISIaUS ‘OSIMIdJ0
pojou ssofun (st ‘ojeridordde oIoym ‘ore serjIuRNY) GT(E I0qUILID(J AQ PoASIYdR sonfea Jojowreled oy} SMOYS 9[qe} oYJ,
“(INg'T ‘Louerd “H 10IU0D) SIOPI[OD 9Y) JO SoATje)uasaldal WIOI] POAILIAL SIOqUINU YIM (g0Z U2IeJ\ ul pajepd)) :o[qef,



84. Passage of Particles Through Matter 223
34. Passage of Particles Through Matter

Revised August 2019 by D.E. Groom (LBNL) and S.R. Klein (NSD

LBLN).

This review covers the interactions of photons and electrically charged
particles in matter, concentrating on energies of interest for high-energy
physics and astrophysics and processes of interest for particle detectors.

Table 34.1: Summary of variables used in this sec-
tion. The kinematic variables 8 and ~ have their usual

relativistic meanings.

Symb. Definition Value or (usual) units
mec?  electron mass x c2 0.510998 950 00(15) MeV
Te classical electron radius
€2 /Areomec? 2.8179403262(13) fm
« fine structure constant
€2 /Areohc 1/137.035 999 084(21)
Ng Avogadro’s number 6.02214076 x 1023 mol 1!
P density gcm™3
x mass per unit area g cm™2
M incident particle mass MeV/c?
E incident part. energy vMc? MeV
T kinetic energy, (v — 1)Mc? MeV
w energy transfer to an electron MeV
in a single collision
k bremsstrahlung photon energy  MeV
z charge number of incident particle
Z atomic number of absorber
A atomic mass of absorber g mol—1
K AN ar2mec? 0.307075 MeV mol~! cm?
(Coefficient for dE/dx)
I mean excitation energy eV (Nota bene!)
0(Bv)  density effect correction to ionization energy loss
hwp plasma energy \/p{Z/A) x 28.816 eV
\/ATNer3 mec? Ja pingcm~3
Ne electron density (units of re) ™3
wj weight fraction of the jth element in a compound or mixt.
n; o< number of jth kind of atoms in a compound or mixture
Xo radiation length g cm™?
E. critical energy for electrons MeV
Euc critical energy for muons GeV
Es scale energy \/4m/a mec? 21.2052 MeV
Ry Moliere radius g cm™2

34.2.2 Mazximum energy transfer in a single collision

For a particle with mass M,

Winax =

2mec? 5242

14 2yme/M + (me/M)2

(34.4)
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Figure 34.1: Mass stopping power (= (—dE/dz)) for positive muons in

copper as a function of 8y = p/Mc over nine orders of magnitude in
momentum (12 orders of magnitude in kinetic energy). Vertical bands
indicate boundaries between different approximations discussed in the
text.

34.2.3 Stopping power at intermediate energies
The mean rate of energy loss by moderately relativistic charged heavy
particles is well-described by the “Bethe equation,”

<_CLE>:KZ2§L
dz A B2

This is the mass stopping power; with the symbol definitions and
values given in Table 34.1, the units are MeV g~ lcm2. As can be seen
from Fig. 34.2, (—dFE/dz) defined in this way is about the same for
most materials, decreasing slowly with Z. The linear stopping power, in
MeV /cm, is (—dE/dx) p, where p is the density in g/cm?®.

As the particle energy increases, its electric field flattens and extends,
so that the distant-collision contribution to Eq. (34.5) increases as In 3.
However, real media become polarized, limiting the field extension and
effectively truncating this part of the logarithmic rise. Parameterization
of the density effect term §(8v) in Eq. (34.5) is discussed in the full
Review .

Few concepts in high-energy physics are as misused as (dE/dz). The
mean is weighted by very rare events with large single-collision energy
deposits. Even with samples of hundreds of events a dependable value
for the mean energy loss cannot be obtained. Far better and more easily
measured is the most probable energy loss, discussed below.

Although it must be used with cautions and caveats, (dE/dz) as
described in Eq. (34.5) still forms the basis of much of our understanding
of energy loss by charged particles. Extensive tables are available
[pdg.1bl.gov/AtomicNuclearProperties/].

Eq. (34.5) may be integrated to find the total (or partial) “continuous
slowing-down approximation” (CSDA) range R. Since dE/dx depends
(nearly) only on 8, R/M is a function of E/M or pc/M.

11 2m502ﬁ2’y2Wmax 2
2" 2 -8

~ 5(57) (315
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34.2.9 Fluctuations in energy loss

For detectors of moderate thickness z (e.g. scintillators or LAr cells),
the energy loss probability distribution f(A;B~,z) is adequately de-
scribed by the highly-skewed Landau (or Landau-Vavilov) distribution
[29] [28]. The most probable energy loss

2mc? 32~ &

Ap =€ |In T s 45— 87— 6(8Y) | (34.12)

where ¢ = (K/2) (Z/A) 2%(2/B%) MeV for a detector with a thickness x
in g cm™2, and j = 0.200 [30].While dE/dx is independent of thickness,
Ap/x scales as aln x+b. This most probable energy loss reaches a (Fermi)
plateau rather than continuing (dE/dz)’s lograthmic rise with increasing
energy.

34.4 Photon and electron interactions in matter

At low energies electrons and positrons primarily lose energy by ion-
ization, although other processes (Mgller scattering, Bhabha scattering,
et annihilation) contribute. While ionization loss rates rise logarithmi-
cally with energy, bremsstrahlung losses rise nearly linearly (fractional
loss is nearly independent of energy), and dominates above the critical
energy (Sec. 34.4.4 below), a few tens of MeV in most materials.

34.4.1 Collision energy losses by e*

Stopping power differs somewhat for electrons and positrons, and both
differ from stopping power for heavy particles because of the kinematics,
spin, charge, and the identity of the incident electron with the electrons
that it ionizes. Complete discussions and tables can be found in Refs. [10,
13], and [33] in the full Review.

34.4.2 Radiation length

High-energy electrons predominantly lose energy in matter by brems-
strahlung, and high-energy photons by ete™ pair production. The char-
acteristic amount of matter traversed for these related interactions is
called the radiation length Xg, usually measured in g cm~2. Xg has
been calculated and tabulated by Y.S. Tsai [42]:

1 Na
Soi 4m«§7 {22 [Lraa — £(2)] + ZL;ad} . (34.25)

For A=1gmol™!, 4ar2Ny/A = (716.408 g cm™2?)"1. L;aq and L/,
are tabulated in the full Review, where a 4-place approximation for f(z%
is also given.

34.4.3 Bremsstrahlung energy loss by e*

At very high energies and except at the high-energy tip of the brems-
strahlung spectrum, the cross section can be approximated in the “com-
plete screening case" as [42]

do/dk = (1/k)4ar2{ (3 — 4y +v?)[Z2(Laa — [(2)) + Z L4
+51-y)(22+2)}, (34.28)
where y = k/FE is the fraction of the electron’s energy transferred to

the radiated photon. At small y (the “infrared limit") the term on the
second line ranges from 1.7% (low Z) to 2.5% (high Z) of the total. If it
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is ignored and the first line simplified with the definition of Xy given in
Eq. (34.25), we have

do A 4 4
= NG (3 -2y+4?) . (34.29)

34.4.4 Critical energy

An electron loses energy by bremsstrahlung at a rate nearly propor-
tional to its energy, while the ionization loss rate varies only logarith-
mically with the electron energy. The critical energy E. is sometimes
defined as the energy at which the two loss rates are equal [49]. Among
alternate definitions is that of Rossi [2], who defines the critical energy
as the energy at which the ionization loss per radiation length is equal
to the electron energy. Equivalently, it is the same as the first defini-
tion with the approximation |dE/dx|prems = E/Xo. This form has been
found to describe transverse electromagnetic shower development more
accurately.

Values of E. for electrons can be reasonaby well described by (610 MeV)
/(Z + 1.24) for solids and (710 MeV)/(Z + 0.92) for gases. E. for both
electrons and positrons in more than 350 materials can be found at
pdg.1lbl.gov/AtomicNuclearProperties.

34.4.5 Energy loss by photons

At low energies the photoelectric effect dominates, although Comp-
ton scattering, Rayleigh scattering, and photonuclear absorption also
contribute. The photoelectric cross section is characterized by discon-
tinuities (absorption edges) as thresholds for photoionization of various
atomic levels are reached. Pair production dominates at high energies,
but is supressed at ultrahigh energies because of quantum mechanical
interference between amplitudes from different scattering centers (LPM
effect).

At still higher photon and electron energies, where the bremsstrahlung
and pair production cross-sections are heavily suppressed by the LPM ef-
fect, photonuclear and electronuclear interactions predominate over elec-
tromagnetic interactions. At photon energies above about 102° eV, for
example, photons usually interact hadronically.

0.125 T T T T ‘ T T T T ‘ T T T T ‘ T T T T 100
L ° 30 GeV electron
0.100 — . qo8 incident on iron 30
k a
I o o \O Q
L 7 o o E
S 0075 : A 60 o
% |- L] a -5
~ H e Energy o %
N [ ° ° o 3
L:q 0.050 — D\ oh D . 40 :
~ r o Photons Lo 2
EoAl x1/ 638 o\ % g
0025 — T / *eb %o 20 Z
L Electrons Ce Pg
L o oy = Sog a
0'000 1 1 1 ‘ 1 1 1 1 ‘ 1 1 1 1 ‘ 1 1 1 ? 0
0 5 10 15 20

t = depth in radiation lengths
Figure 34.20: An EGS4 simulation of a 30 GeV electron-induced cascade
in iron. The histogram shows fractional energy deposition per radiation
length, and the curve is a gamma-function fit to the distribution.
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34.5 Electromagnetic cascades

When a high-energy electron or photon is incident on a thick ab-
sorber, it initiates an electromagnetic cascade as pair production and
bremsstrahlung generate more electrons and photons with lower ener-
gies.

The longitudinal development is governed by the high-energy part of
the cascade, and therefore scales as the radiation length in the mate-
rial. Electron energies eventually fall below the critical energy, and then
dissipate their energy by ionization and excitation rather than by the
generation of more shower particles. In describing shower behavior, it is
convenient to introduce the scale variables

t =z/Xo, y=E/E., (34.34)

so that distance is measured in units of radiation length and energy in
units of critical energy.

The mean longitudinal profile of the energy deposition in an elec-
tromagnetic cascade is reasonably well described by a gamma distribu-
tion [61]:

(34.35)

at energies from 1 GeV to 100 GeV.

34.6 Muon energy loss at high energy

At sufficiently high energies, radiative processes become more impor-
tant than ionization for all charged particles. These contributions in-
crease almost linearily with energy. It is convenient to write the average
rate of muon energy loss as [74]

—dE/dz = a(E) + b(E) E. (34.39)

Here a(FE) is the ionization energy loss given by Eq. (34.5), and b(E) E
is the sum of ete™ pair production, bremsstrahlung, and photonuclear
contributions. These are subject large fluctuations, particularly at higher
energies.

To the approximation that the slowly-varying functions a(F) and b(E)
are constant, the mean range o of a muon with initial energy Ey is given
by

20 =~ (1/b)In(1+ Eo/Euc), (34.40)

where E,c = a/b.

The “muon critical energy" F, . can be defined as the energy at which
radiative and ionization losses are equal, and can be found by solving
Euc = a(Euc)/b(Euc). This definition is different from the Rossi defini-
tion we used for electrons. It decreases with Z, and is several hundred
GeV for iron. It is given for the elements and many other materials in
pdg.1lbl.gov/AtomicNuclearProperties.

34.7 Cherenkov and transition radiation

A charged particle radiates if its velocity is greater than the local
phase velocity of light (Cherenkov radiation) or if it crosses suddenly
from one medium to another with different optical properties (transition
radiation). Neither process is important for energy loss, but both are
used in high-energy and cosmic-ray physics detectors.
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34.7.1 Optical Cherenkov radiation

The angle 6. of Cherenkov radiation, relative to the particle’s direc-
tion, for a particle with velocity Bc in a medium with index of refraction
n is

cosf. = (1/np)

or tanf. = +/f32n2 -1

~ 2(1 —1/nB) for small O., e.g. in gases.  (34.41)

The threshold velocity 8; is 1/n. Values of n — 1 for various commonly
used gases are given as a function of pressure and wavelength in Ref. [80].
Data for other commonly used materials are given in [81].

The number of photons produced per unit path length of a particle
with charge ze and per unit energy interval of the photons is

d2N az? | 2 a?2? 1
= ——sin“ 6, = —
dEdx he Te MeC2 B2n2(E)
~ 370 sin? 6. (E) eV~ lem™! (z=1), (34.43)
or, equivalently,
d>N . 2raz? ( 1 ) (34.44)
dedh A2 B2n2(\) /) '

34.7.2 Coherent radio Cherenkov radiation

Coherent Cherenkov radiation is produced by many charged particles
with a non-zero net charge moving through matter on an approximately
common “wavefront”—for example, the electrons and positrons in a high-
energy electromagnetic cascade. Near the end of a shower, when typical
particle energies are below E. (but still relativistic), a charge imbalance
develops. Photons can Compton-scatter atomic electrons, and positrons
can annihilate with atomic electrons to contribute even more photons
which can in turn Compton scatter. These processes result in a roughly
20% excess of electrons over positrons in a shower. The net negative
charge leads to coherent radio Cherenkov emission. The phenomenon is
called the Askaryan effect [86]. The signals can be visible above back-
grounds for shower energies as low as 1017 eV; see Sec. 36.3.3.3 for more
details.

34.7.3 Transition radiation
The energy radiated when a particle with charge ze crosses the bound-
ary between vacuum and a medium with plasma frequency wyp is

I = az?~yhw, /3, (34.45)

The plasma energy fwp is defined in Table 34.1.

For styrene and similar materials, hwp ~ 20 eV; for air it is 0.7 eV. The
number spectrum dN /d(fw diverges logarithmically at low energies and
decreases rapidly for fiw/vyhwp > 1. Inevitable absorption in a practical
detector removes the divergence. About half the energy is emitted in the
range 0.1 < Jw/~vhwp < 1. The v dependence of the emitted energy thus
comes from the hardening of the spectrum rather than from an increased
quantum yield. For a particle with v = 103, the radiated photons are in
the soft x-ray range 2 to 40 keV.
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Figure 34.27: X-ray photon energy spectra for a radiator consisting of
200 25 pm thick foils of Mylar with 1.5 mm spacing in air (solid lines)
and for a single surface (dashed line).

The number of photons with energy Aw > hwg is given by the answer
to problem 13.15 in [35],

2 2 2
Ny (hw > fwg) = 22 (m ey _ 1) +=1, (34.47)
T hwg 12

within corrections of order (fiwo/vhwp)?. The number of photons above
a fixed energy hiwg < Yhwyp thus grows as (In+y)2, but the number above a
fixed fraction of yAw,, (as in the example above) is constant For example,
for hw > yhwp /10, Ny = 2.519 az? /7 = 0.0059 x 22

The particle stays “in phase” with the x ray over a distance called
the formation length, d(w) = (2¢/w)(1/42 + 62 +w12,/w2)*1. Most of the
radiation is produced in this distance. Here 0 is the x-ray emission angle,
characteristically 1/~. For 6 = 1/~ the formation length has a maximum
at d(ywp/V2) = y¢/V/2wp. In practical situations it is tens of pm.

Since the useful x-ray yield from a single interface is low, in practi-
cal detectors it is enhanced by using a stack of NV foil radiators—foils
L thick, where L is typically several formation lengths—separated by
gas-filled gaps. The amplitudes at successive interfaces interfere to cause
oscillations about the single-interface spectrum. At increasing frequen-
cies above the position of the last interference maximum (L/d(w) = 7/2),
the formation zones, which have opposite phase, overlap more and more
and the spectrum saturates, dI/dw approaching zero as L/d(w) — 0.
This is illustrated in Fig. 34.27 for a realistic detector configuration.

Although one might expect the intensity of coherent radiation from
the stack of foils to be proportional to N2, the angular dependence of
the formation length conspires to make the intensity oc N.
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35. Particle Detectors at Accelerators

Revised 2019. See the various sections for authors.

35.1 Introduction

This review summarizes the detector technologies employed at ac-
celerator particle physics experiments. Several of these detectors are
also used in a non-accelerator context and examples of such applica-
tions will be provided. The detector techniques which are specific to
non-accelerator particle physics experiments are the subject of Chap. 36.
More detailed discussions of detectors and their underlying physics can
be found in books by Ferbel [1], Kleinknecht [2], Knoll [3], Green [4],
Leroy & Rancoita [5], and Grupen [6].

In Table 35.1 are given typical resolutions and deadtimes of common
charged particle detectors. The quoted numbers are usually based on
typical devices, and should be regarded only as rough approximations
for new designs. The spatial resolution refers to the intrinsic detector
resolution, i.e. without multiple scattering. We note that analog detector
readout can provide better spatial resolution than digital readout by
measuring the deposited charge in neighboring channels. Quoted ranges
attempt to be representative of both possibilities. The time resolution
is defined by how accurately the time at which a particle crossed the
detector can be determined. The deadtime is the minimum separation in
time between two resolved hits on the same channel. Typical performance
of calorimetry and particle identification are provided in the relevant
sections below. Further discussion and all references may be found in
the full Review.

Table 35.1: Typical resolutions and deadtimes of common charged
particle detectors. Revised November 2011.

Detector Type IIDLTSEIT tllcor?p(iglasl) Time Resolution 2?;(2
Resistive plate chamber < 10 mm 1 ns (50 ps) * —
Streamer chamber 300 pm T 2 s 100 ms
Liquid argon drift [7] ~175-450 pm ~200 ns ~2 us
Scintillation tracker ~100 pm 100 ps/n ¥ 10 ns
Bubble chamber 10-150 pm 1 ms 50 ms §
Proportional chamber 50-100 pm ¥ 2 ns 20-200 ns
Drift chamber 50-100 pum 2ns | 20-100 ns
Micro-pattern 30-40 pum <10 ms 10-100 ns
gas detectors
Silicon strip pitch/(3 to 7) ** few ns T <50 ns tf
Silicon pixel <10 pm few ns T < 50 ns f
Emulsion 1 pm — —

* For multiple-gap RPCs.

T 300 um is for 1 mm pitch (wirespacing/v/12).

¥ n = index of refraction.

§ Multiple pulsing time.

Y Delay line cathode readout can give +150 pm parallel to anode wire.

Il For two chambers.

**The highest resolution (“77) is obtained for small-pitch detectors (< 25 pm)

TTLimited by the readout electronics [8]
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37. Radioactivity and Radiation Protection

Revised August 2019 by S. Roesler and M. Silari (CERN).
37.1. Definitions

The International Commission on Radiation Units and Measurements
(ICRU) recommends the use of SI units. Therefore we list SI units first,
followed by cgs (or other common) units in parentheses, where they differ.
e Activity (unit: Becquerel):

1 Bq = 1 disintegration per second (= 27 pCi).

e Absorbed dose (unit: gray): The absorbed dose is the energy
imparted by ionizing radiation in a volume element of a specified material
divided by the mass of this volume element.

1 Gy =1 J/kg (= 10% erg/g = 100 rad)

= 6.24 x 1012 MeV /kg deposited energy.
e Kerma (unit: gray): Kerma is the sum of the initial kinetic energies of
all charged particles liberated by indirectly ionizing particles in a volume
element of the specified material divided by the mass of this volume
element.
e Exposure (unit: C/kg of air [= 3880 Roentgen’]): The exposure is
a measure of photon fluence at a certain point in space integrated over
time, in terms of ion charge of either sign produced by secondary electrons
in a small volume of air about the point. Implicit in the definition is
the assumption that the small test volume is embedded in a sufficiently
large uniformly irradiated volume that the number of secondary electrons
entering the volume equals the number leaving (so-called charged particle
equilibrium).

Table 37.1: Radiation weighting factors, wg.

Radiation type WR
Photons 1
Electrons and muons 1
Neutrons, Fp, < 1 MeV 2.5 + 18.2 x exp[—(In E,,)? /6]
1 MeV < E, <50 MeV 5.0 +17.0 x exp[—(In(2E,,))2 /6]
Ep, > 50 MeV 2.5 4+ 3.25 x exp[—(In(0.04E},))2 /6]
Protons and charged pions 2
Alpha particles, fission
fragments, heavy ions 20
e Equivalent dose (unit: Sievert [= 100 rem (roentgen equivalent in

man)]):  The equivalent dose Hp in an organ or tissue 7' is equal to the
sum of the absorbed doses D g in the organ or tissue caused by different
radiation types R weighted with so-called radiation weighting factors wg:

HT = ZUJR X DT,R . (372)
R

T This unit is somewhat historical, but appears on some measuring in-
struments. One R is the amount of radiation required to liberate positive
and negative charges of one electrostatic unit of charge in 1 cm?® of air at
standard temperature and pressure (STP)
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It expresses long-term risks (primarily cancer and leukemia) from low-level
chronic exposure. The values for wg recommended recently by ICRP [2]
are given in Table 37.1.
e Effective dose (unit: Sievert): The sum of the equivalent doses,
weighted by the tissue weighting factors wp (3w = 1) of several organs
and tissues T' of the body that are considered to be most sensitive [2], is
called “effective dose” E:

E=> wpxHy . (37.3)

T

37.2. Radiation levels [4]

e Natural annual background, all sources: Most world areas, whole-
body equivalent dose rate =~ (1.0-13) mSv (0.1-1.3 rem). Can range up
to 50 mSv (5 rem) in certain areas. U.S. average ~ 3.6 mSv, including
~ 2 mSv (= 200 mrem) from inhaled natural radioactivity, mostly radon
and radon daughters. (Average is for a typical house and varies by more
than an order of magnitude. It can be more than two orders of magnitude
higher in poorly ventilated mines. 0.1-0.2 mSv in open areas.)
e Cosmic ray background (sea level, mostly muons):
~ 1 min~! em~2 sr~1. For more accurate estimates and details, see the
Cosmic Rays section (Sec. 30 of this Review).
e Fluence (per cm?) to deposit one Gy, assuming uniform irradiation:

~ (charged particles) 6.24x10°/(dE/dz), where dE/dz (MeV
g1 <:r112)7 the energy loss per unit length, may be obtained from Figs.
34.2 and 34.4 in Sec. 34 of the Review, and pdg.1bl.gov/AtomicNuclear
Properties.

~ 3.5 x 10 cm™?2 minimum-ionizing singly-charged particles in carbon.

~ (photons) 6.24x10%/[Ef/{], for photons of energy E (McV),
attenuation length ¢ (g em~2), and fraction f <1 expressing the fraction
of the photon’s energy deposited in a small volume of thickness < ¢ but
large enough to contain the secondary electrons.

~ 2 x 10! photons cm™2 for 1 MeV photons on carbon (f ~ 1/2).

37.3. Health effects of ionizing radiation

e Recommended limits of effective dose to radiation workers
(whole-body dose):*

EU/Switzerland: 20 mSv yr—!

U.S.: 50 mSv yr~! (5 rem yr—1)f
e Lethal dose: The whole-body dose from penetrating ionizing radiation
resulting in 50% mortality in 30 days (assuming no medical treatment)
is 2.5-4.5 Gy (250-450 rad), as measured internally on body longitudinal
center line. Surface dose varies due to variable body attenuation and may
be a strong function of energy.
e Cancer induction by low LET radiation: The cancer induction
probability is about 5% per Sv on average for the entire population [2].

Footnotes:
* The ICRP recommendation [2] is 20 mSv yr—! averaged over 5 years,
with the dose in any one year < 50 mSv.

t Many laboratories in the U.S. and elsewhere set lower limits.

See full Review for references and further details.



38. Commonly used radioactive sources 233

38. Commonly Used Radioactive Sources

Table 38.1. Revised September 2019 by D.E. Groom (LBNL).

Particle Photon
Type of Energy Emission Energy Emission
Nuclide Half-life decay (MeV) prob. (MeV)  prob.
f{Na 2.603y A1, EC 0.546 90% 0.511  Annih.
1.275  100%
Sler 27.70d  EC 0.320  10%

V K x rays 100%
Neutrino calibration source

4Mn 0855y EC 0.835  100%
Cr K x rays 26%
ggFe 2.7147y EC Mn K x rays:

0.00590 24.4%
0.00649 2.86%

37Co 271.8d  EC 0.014 9%
0122 86%
0.136  11%
Fe K x rays 58%
$9Co 5271y B~ 0317 99.9% 1.173  99.9%
1333 99.9%
ggGe 271.0d EC Ga K x rays 42%
—88Ga 67.8m B*,EC 1.899 90% 0.511  Annih.
1.077 3%
20sr 288y BT 0.546 100%
—RNY  267d BT 2279 100%
1%¢Ru 371.5d B~ 0.039 100%
— 19Rh 30.1s B~ 3.546 79% 0512  21%
0.622  10%
199¢cd 1265y EC 0.063e”  42% 0.088 3.7%
0.084 e~ 44% Ag K x rays 100%
133n 1151d  EC 0364e”  28% 0392 65%
0.388 ¢~ 6% In K x rays 97%
187Cs 300y BT 0514 94% 0.662  85%

1.176 6%
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133Ba 1055y EC 0.045e~  50% 0.081  33%
0.075 e~ 6% 0.356  62%
Cs K x rays 121%
192Fu 13.537y EC 72.1% Many 7’s
B 27.9% 0.1218-1.408 MeV
WIBi 329y EC 048le” 2% 0.569  98%
0.975 e~ 7% 1.063 5%
1.047 e~ 2% 1.770 7%
Pb K x rays 78%
28Th 1912y 6oz  5.341 to 8.785 0239  44%
387 0.334 t0 2.246 0.583  31%
2.614  36%
(—»?%Ra > 20Rn 2P0 —2ZPb —22Bi - 2[2Po)
( 361d 55.8s  0.038s  10.64h  6054m 300 ns)
25 Am 4326y o @ 5.443 13% 0.060  36%
5.486 84% Np L x rays 38%

2LAm/Be 4326y 6 x 1072 neutrons ((E) = 4 MeV) and
4 x 107%y’s (4.43 MeV from { Be(a,n))

2Cm 1811y o  5.763 24% Pu L x rays ~ 9%
5.805 76%

Bt 2,645y o (97%) 6.076 15%
6.118 82%

Fission (3.1%): Average 7.8 ~’s/fission; (E,) = 0.88 MeV
~ 4 neutrons/fission; (E,) = 2.14 MeV

“Emission probability” is the probability per decay of a given emission;
because of cascades these may total more than 100%. Only principal
emissions are listed. EC means electron capture, and e~ means
monoenergetic internal conversion (Auger) electron. The intensity of 0.511
MeV eTe™ annihilation photons depends upon the number of stopped
positrons. Endpoint 8% energies are listed. In some cases when energies
are closely spaced, the y-ray values are approximate weighted averages.
Radiation from short-lived daughter isotopes is included where relevant.

Half-lives, energies, and intensities may be found in www-pub.iaea.org/
books/IAEABooks/7551/Update-of-X-Ray-and-Gamma-Ray-Decay-Data
-Standards-for-Detector-Calibration-and-Other-Applications,
TAEA (2007) or Nuclear Data Sheets

(www. journals.elsevier.com/nuclear-data-sheets) (2007).

Neutron sources: See e.g. “Neutron Calibration Sources in the Daya Bay
Experiment,” J. Liu et al., Nuclear Instrum. Methods A797, 260 (2005)
(arXiv.1504.07911).

g}lCr calibration of neutrino detectors is discussed in e.g. J.N. Abdurashitov
et al. [SAGE Collaboration], Phys. Rev. C59, 2246 (1999). The use of
giSe and other isotopes has been proposed.
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Revised August 2019 by G. Cowan (RHUL).

The following is a much-shortened version of Sec. 39 of the full Review.
Equation, section, and figure numbers follow the Review.

39.2 Random variables

o Probability density function (p.d.f.): x is a random variable.
Continuous:  f(z;0)dxz = probability z is between z to x + dz, given
parameter(s) 6;
Discrete: f(x;6) = probability of x given 6.

o Cumulative distribution function:
a
F(a) = / f(z) dx. (39.6)
—o0

Here and below, if x is discrete-valued, the integral is replaced by a sum.
The endpoint a is indcluded in the integral or sum.

e Expectation values: Given a function wu:

Efu(z)] :/ u(z) f(z) dz. (39.7)

[ee]

e Moments:

n*? moment of a random variable: o, = E[z"], (39.8a)
nt? central moment: m, = E[(x — a1)"]. (39.8b)
Mean: p = aj , (39.9a)
Variance: 02 = Vi[z] = ma = g — pu? . (39.9b)

Coefficient of skewness: v; = m3/03.
Kurtosis: v2 = myg/o? — 3.
Median: F'(zmeq) = 1/2.

e Marginal p.d.f.: Let x,y be two random variables with joint p.d.f.
f(z,y).

fl(x):/ f(z,y) dy; f2(y):/ f(z,y) dz. (39.10)
e Conditional p.d.f.:

fazly) = fz,v)/ fa(y); f3(ylz) = flz,y)/ fr(z).

e Bayes’ theorem:

fsln)fa(x) _ fa(ylw)fa(z)

B = T Thele)h@)de

(39.11)
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e Correlation coefficient and covariance:

Ha =/ / zf(z,y) dx dy, (39.12)

pey = E[(z — pa)(y — py)l foz oy = covlz,y]/ow oy,
o0 oo

Op = / / (¢ — pz)? f(z,y) dz dy. Note pgy <1
— 00 — 00

e Independence: z,y are independent if and only if f(z,y) = f1(z)- f2(y);
then pzy = 0, Efu(z) v(y)] = Elu(x)] E[v(y)] and V[z+y] = V]z]+V[y].

e Change of variables: From = = (z1,...,zn) to € = (Y1,...,Yn):
g(y) = f(x(y)) - |J| where |J| is the absolute value of the determinant
of the Jacobian J;; = dz;/dy;. For discrete variables, use |J| = 1.

39.3 Characteristic functions

Given a pdf f(z) for a continuous random variable z, the character-
istic function ¢(u) is given by (31.6). Its derivatives are related to the
algebraic moments of z by (31.7).

$(u) = E [e™7] =/ e f(z) da . (39.17)
i " e = / 2" f(x)dx = an . (39.18)
du™ | ,—¢ o

If the p.d.f.s fi(z) and f2(y) for independent random variables x and
y have characteristic functions ¢1(u) and ¢2(u), then the characteristic
function of the weighted sum az + by is ¢1(au)p2(bu). The additional
rules for several important distributions (e.g., that the sum of two Gaus-
sian distributed variables also follows a Gaussian distribution) easily fol-
low from this observation.

39.4 Some probability distributions
See Table 39.1.

39.4.2 Poisson distribution

The Poisson distribution f(n;v) gives the probability of finding ex-
actly n events in a given interval of x (e.g., space or time) when the
events occur independently of one another and of = at an average rate
of v per the given interval. The variance o2 equals v. It is the limiting
case p — 0, N — oo, Np = v of the binomial distribution. The Poisson
distribution approaches the Gaussian distribution for large v.

39.4.3 Normal or Gaussian distribution
Its cumulative distribution, for mean 0 and variance 1, is often tabulated
as the error function

F(z;0,1) = % [1+ erf(2/v2)] . (39.24)

For mean p and variance o2, replace x by (x — u)/o.
P(z in range p &+ o) = 0.6827,

P(z in range p + 0.67450) = 0.5,

El|lz — pu|]] = v/2/m0 = 0.79790,
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half-width at half maximum = v/2In2-0 = 1.1770.
For n Gaussian random variables x;, the joint p.d.f. is the multivariate
Gaussian:

Pl V) = 3=V e -], V>0

1
oVl
(39.25)

V is the n X n covariance matriz; Vi; = E[(x; — i) (x5 — pj)] = pij 05 05,
and V;; = V(x;]; |V] is the determinant of V. For n = 2, f(z; u, V) is

1
f($1,$2; HI,M27017027P)= —F X exp
2no1024/1 — p

-1
2(1 —p?)

2 - + 2

(z1—p)?  2p(x1 — ) (z2 — p2) (2 — “2)2} } - (39.26)
o2 o102 93

The marginal distribution of any z; is a Gaussian with mean p; and
variance V;;. V is n X n, symmetric, and positive definite. Therefore for
any vector X, the quadratic form X7V ~1X = C, where C is any positive
number, traces an n-dimensional ellipsoid as X varies. If X; = x; — u,,
then C is a random variable obeying the x2 distribution with n degrees
of freedom, discussed in the following section. The probability that X
corresponding to a set of Gaussian random variables x; lies outside the
ellipsoid characterized by a given value of C' (= x2) is given by 1 —
F,2(C;n), where F,2 is the cumulative x? distribution. This may be
read from Fig. 40.1. For example, the “s-standard-deviation ellipsoid”
occurs at C' = s2. For the two-variable case (n = 2), the point X
lies outside the one-standard-deviation ellipsoid with 61% probability.
The use of these ellipsoids as indicators of probable error is described in
Sec. 40.4.2.2; the validity of those indicators assumes that g and V are
correct.

39.4.5 x? distribution

If z1,...,zy, are independent Gaussian random variables, the sum z =
Z?:l(xi — ;)2 /o? follows the x? p.d.f. with n degrees of freedom, which
we denote by x2(n). More generally, for n correlated Gaussian variables
as components of a vector X with covariance matrix V, z = XTV~-1X
follows x2(n) as in the previous section. For a set of z;, each of which
follows x2(n;), Zzl follows XQ(Z n;). For large n, the x2 p.d.f. ap-
proaches a Gaussian with mean p = n and variance o2 = 2n.

The x? p.d.f. is often used in evaluating the level of compatibility between
observed data and a hypothesis for the p.d.f. that the data might follow.
This is discussed further in Sec. 40.3.2 on tests of goodness-of-fit.

39.4.7 Gamma distribution

For a process that generates events as a function of x (e.g., space or time)
according to a Poisson distribution, the distance in = from an arbitrary
starting point (which may be some particular event) to the k** event
follows a gamma distribution, f(z;\, k). The Poisson parameter p is A
per unit . The special case k = 1 (i.e., f(z; )\, 1) = Ae~*?) is called the
exponential distribution. A sum of k&’ exponential random variables z; is
distributed as f(Z zi; A K.

The parameter k is not required to be an integer. For A = 1/2 and
k = n/2, the gamma distribution reduces to the x?(n) distribution.

See the full Review for further discussion and all references.
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Table 39.1: Some common probability density functions, with corresponding characteristic functions and means
and variances. In the Table, I'(k) is the gamma function, equal to (k — 1)! when k is an integer.

Probability density function Characteristic
Distribution f (variable; parameters) function ¢(u) Mean Variance
1/(b—a) a<z<b b . 5
. = = ibu _ _iau b—
Uniform f(z;a,b) = . ‘m@\pw? % (-a)” Hm&
0 otherwise
Binomial F(riN,p) = sy PN T (g + pe")N Np Npg
r=0,1,2,...,N; 0<p<1; g=1-p
Poisson flnyv) = t:M‘.\:a n=0,1,2,...; v>0 exp[v(e?® — 1)] v v
Normal
. 2y _ 1 2 /9 2 ; 12,2 2
Conmy F@IoN = I o= w2/20%) expli — Jotu?) " -
Multivariate
V)= —— 1 in-u— tuTv Vir
Gaussian H@sm, V) (2m)"/2\/|V] P Tt o QL “ Ik
xexp [—3(@—wTV -z - p)
—00 < xj; <o0; —oo< u; <oo; [VI>0
2 p) = 22T 2 — 2u) /2
X flzin) = i hny2)  ° >0 (1 — 2iu) n 2n
2\ —(nt1)/2 0 n/(n—2
Student’s ¢ flt;n) = 4 ENGM.T\HWV\E AH + mv _ /( )
vnm " " forn>1 forn>2
—o0 < t < oo; nnotrequiredtobeinteger
Tk, @ -
Gamma flz; N k) = %w 0<z<00; (1 —du/N) "k k/X k/X2

k not required to be integer
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40. Statistics
Revised October 2019 by G. Cowan (RHUL).

This chapter gives an overview of statistical methods used in high-
energy physics. In statistics, we are interested in using a given sample of
data to make inferences about a probabilistic model, e.g., to assess the
model’s validity or to determine the values of its parameters. There are
two main approaches to statistical inference, which we may call frequen-
tist and Bayesian.

40.2 Parameter estimation

An estimator 6 (written with a hat) is a function of the data used to
estimate the value of the parameter 6.

40.2.1 FEstimators for mean, variance, and median

Suppose we have a set of n independent measurements, zi,...,Zn,
each assumed to follow a p.d.f. with unknown mean p and unknown vari-
ance 02 (the measurements do not necessarily have to follow a Gaussian
distribution). Then

~ 1
= - i 40.5
=g (40.5)

o N Z(zi—,uQ (40.6)

are unbiased estimators of y and o2. The variance of ﬁ is 02/n and the

~
variance of o2 is

~ 1 _
\% [02} = - (m4 _n 30'4) , (40.7)
n n—1
where my is the 4*? central moment of z (see Eq. (39.8)). For Gaussian

distributed z;, this becomes 26*/(n — 1) for any n > 2, and for large n

the standard deviation of & is o/V2n.
If the x; have different, known variances o2, then the weighted average

i

n
—~ 1
W= " Z wiT; , (40.8)
i=1

where w; = 1/(72.2 and w = ZZ wj, is an unbiased estimator for p with a
smaller variance than an unweighted average. The standard deviation of

wis 1/ /w.

40.2.2 The method of maximum likelihood

Suppose we have a set of measured quantities @ and the likelihood
L(#) = P(x|0) for a set of parameters 6 = (01,...,0n). The mazimum
likelihood (ML) estimators for 6 can be found by solving the likelihood
equations,

OlnL
00;

In the large sample limit, the s times the standard deviations o; of
the estimators for the parameters can be obtained from the hypersurface
defined by the 8 such that

=0, i=1,...,N. (40.9)

InL() = In Lipax — s2/2, (40.13)
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40.2.3 The method of least squares
For Gaussian distributed measurements y; with mean u(z;;6) and
known variance 02.2, the log-likelihood function contains the sum of squares

P ] 2
x2(8) = —2In L(0) + constant = E W . (40.19)
fois
i=1 ¢
If the y; have a covariance matrix Vj; = cov[y;,y;], then the estima-
tors are determined by the minimum of

X2 (0) = (y — n(0)" V' (y — ), (40.20)

40.3 Statistical tests

40.3.1 Hypothesis tests

A frequentist test of a hypothesis (often called the null hypothesis, Ho)
is a rule that states for which data values x the hypothesis is rejected.
A critical region w is specified such that there is no more than a given
probability «, called the size or significance level of the test, to find « €
w. If the data are discrete, it may not be possible to find a critical region
with exact probability content «, and thus we require P(x € w|Hp) < a.
If the data are observed in the critical region, Hy is rejected.

The critical region is not unique, and generally defined relative to
some alternative hypothesis (or set of alternatives) Hy. To maximize the
power of the test of Hp with respect to the alternative Hy, the Neyman—
Pearson lemma states that the critical region w should be chosen such
that for all data values « inside w, the likelihood ratio

M) = L) (40.44)

[f(z|Ho)

is greater than or equal to a given constant co, and everywhere outside
the critical region one has A(z) < cq, where the value of ¢, is determined
by the size of the test a. Here Hp and H; must be simple hypotheses,
i.e., they should not contain undetermined parameters.

40.3.2 Tests of significance (goodness-of-fit)

Often one wants to quantify the level of agreement between the data
and a hypothesis without explicit reference to alternative hypotheses.
This can be done by defining a statistic t whose value reflects in some way
the level of agreement between the data and the hypothesis. For example,
if ¢ is defined such that large values correspond to poor agreement with
the hypothesis, then the p-value would be

oo

p= / F(t|Ho) dt , (40.45)
tobs

where t,ps is the value of the statistic obtained in the actual experiment.

40.3.2.1 Goodness-of-fit with the method of least squares
For Poisson measurements n; with variances o'i2 = pi, the x? (40.19)
becomes Pearson’s x? statistic,

N
2 (ni — pi)?
=y e 40.53
— 1223 ( )
i
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Assuming the goodness-of-fit statistic follows a x2 p.d.f., the p-value
for the hypothesis is then

p=/ f(z3nq) dz (40.54)
X

where f(z;nq) is the x? p.d.f. and nq is the appropriate number of de-
grees of freedom. Values are shown in Fig. 40.1. The p-values obtained
for different values of x2/nq are shown in Fig. 40.2.

0.100
10 \ 20130 \ 50
I L1 I Ly bl

0.050
L L L L
2 3 45 7 10 20 304050 70 100
XZ
Figure 40.1: One minus the x? cumulative distribution, 1 — F(x2;n), for

n degrees of freedom. This gives the p-value for the x2? goodness-of-fit
test as well as one minus the coverage probability for confidence regions
(see Sec. 40.4.2.2).

0.020

p-value for test
o for confidence intervals

0.010
0.005

0.002

0.001
1

2

2.5

2.0

1.5

x/n
1.0

0.5

0.0 | \HH‘HH‘HH‘HH‘\\H‘HH‘\\H‘HH‘HH
0 10 20 30 40 50
Degrees of freedom n
Figure 40.2: The ‘reduced’ x2, equal to x2/n, for n degrees of freedom.
The curves show as a function of n the x2/n that corresponds to a given
p-value.

40.3.3 Bayes factors

In Bayesian statistics, one could reject a hypothesis H if its posterior
probability P(H|x) is sufficiently small. The full prior probability for
two models (hypotheses) H; and H; can be written in the form

m(H;,0;) = P(H;)m(0;|H;) . (40.55)
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The Bayes factor is defined as

| P(x|6;, H;)w(6,|H;) d6;

i (40.58)

This gives what the ratio of posterior probabilities for models i and j
would be if the overall prior probabilities for the two models were equal.

40.4 Intervals and limits
40.4.1 Bayesian intervals

A Bayesian or credible interval) [0}, up] can be determined which
contains a given fraction 1 — a of the posterior probability, <.e.,

fup
l—a= / p(Olx) do . (40.60)

016

40.4.2 Frequentist confidence intervals
40.4.2.1 The Neyman construction for confidence intervals

Given a p.d.f. f(z;6), we can find using a pre-defined rule and proba-
bility 1 — « for every value of 0, a set of values x1 (0, &) and x2(0, @) such
that

x2
P(z1 <x<a:2;0):/ flz;0)de>1—o. (40.67)
@

40.4.2.2 Gaussian distributed measurements

When the data consists of a single random variable = that follows a
Gaussian distribution with known o, the probability that the measured
value z will fall within 4§ of the true value p is

1 pts
l—a= / e~ @=m?/20% g
m

-6

— orf (\/gg) — 2 (g) _1, (40.70)

Fig. 40.4 shows a § = 1.640 confidence interval unshaded. Values of «
for other frequently used choices of ¢ are given in Table 40.1.

Table 40.1: Area of the tails o outside £ from the
mean of a Gaussian distribution.

o o o o
0.3173 1o 0.2 1.28¢
4.55 x1072 20 0.1 1.640
2.7 x10~3 30 0.05 1.960
6.3x1075 4o 0.01 2.580
5.7x10~7 50 0.001 3.290
2.0x107Y 6o 10—4 3.890

We can set a one-sided (upper or lower) limit by excluding above z+ 4§
(or below x — §). The values of « for such limits are half the values in
Table 40.1. Values of Ax? or 2A1In L are given in Table 40.2 for several
values of the coverage probability 1 — a and number of fitted parameters
m.
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f(x; u,0)

ao/2 o/2

| | | |
-3 -2 -1 0 1 2 3
(x—)/c
Figure 40.4: Illustration of a symmetric 90% confidence interval (un-
shaded) for a Gaussian-distributed measurement of a single quantity.
Integrated probabilities, defined by o = 0.1, are as shown.

Table 40.2: Values of Ax2 or 2A1n L corresponding
to a coverage probability 1 —« in the large data sample
limit, for joint estimation of m parameters.

(1—-a) (%) m=1 m=2 m=3
68.27 1.00 2.30 3.53
90. 2.71 4.61 6.25
95. 3.84 5.99 7.82
95.45 4.00 6.18 8.03
99. 6.63 9.21 11.34
99.73 9.00 11.83 14.16

40.4.2.3 Poisson or binomial data
For Poisson distributed n, the upper and lower limits on the mean
value p from the Neyman procedure are

1__
o = §FX21(0110; on), (40.76a)

1
fup = §Fx21(1 — aup; 2(n + 1)), (40.76b)

For the case of binomially distributed n successes out of N trials with
probability of success p, the upper and lower limits on p are found to be

nFEl[alo; 2n,2(N —n+1)]
N—n+1+ nFp {ao;2n,2(N —n+1)]
(n+ 1)Fa 1 — oup; 2(n + 1), 2(N — n)]

PP TN ) F (o DF, [ — aupi2(n + D,2(N )] (40.77b)

Plo = (40.77a)

Here F;l is the quantile of the F distribution (also called the Fisher—
Snedecor distribution; see Ref. [4]).

Several problems with such intervals are overcome by using the unified
approach of Feldman and Cousins [40]. Properties of these intervals are
described further in the Review. Table 40.4 gives the unified confidence
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Table 40.3: Lower and upper (one-sided) limits for
the mean p of a Poisson variable given n observed
events in the absence of background, for confidence
levels of 90% and 95%.

1—a=90% 1—a=9%
Hlo Hup Hlo Hup
- 2.30 - 3.00

0.105 3.89 0.051 4.74
0.532 5.32 0.355 6.30
1.10 6.68 0.818 7.75
1.74 7.99 1.37 9.15
2.43 9.27 1.97 10.51
3.15 10.53 2.61 11.84
3.89 11.77  3.29 13.15
4.66 12.99 3.98 14.43
5.43 14.21 4.70 15.71
6.22 15.41 5.43 16.96

SO0 o w ko3

intervals [p1, p2] for the mean of a Poisson variable given n observed
events in the absence of background, for confidence levels of 90% and
95%.

Table 40.4: Unified confidence intervals [u1, u2] for a
the mean of a Poisson variable given n observed events
in the absence of background, for confidence levels of
90% and 95%.

1—a=90% 1—a=95%
n__ p2 #2
0 0.00 2.44  0.00 3.09
1 0.11 4.36 0.05 5.14
2 0.53 5.91 0.36 6.72
3 1.10 7.42 0.82 8.25
4 147 8.60 1.37 9.76
5 1.84 9.99 1.84 11.26
6 2.21 11.47 2.21 12.75
7 356 12,53 2.58 13.81
8 396 13.99 294 15.29
9 436 1530 4.36 16.77
10 5.50 16.50 4.75 17.82

Further discussion and all references may be found in the full Review of
Particle Physics.



44. Monte Carlo Particle Numbering Scheme 245
44. Monte Carlo Particle Numbering Scheme

Revised May 2020 by F. Krauss (Durham U.), S. Navas (Granada U.),
P. Richardson (Durham U.) and T. Sjéstrand (Lund U.).

The Monte Carlo particle numbering scheme presented here is in-
tended to facilitate interfacing between event generators, detector sim-
ulators, and analysis packages used in particle physics. The numbering
scheme is used in several event generators, e.g. HERWIG, PYTHIA, and
SHERPA, and interfaces, e.g. /HEPEVT/ and HepMC. The general form
is a 7-digit number:

En nrng ng, Ngy Mgz N -

This encodes information about the particle’s spin, flavor content, and
internal quantum numbers: See the full review for details. An abbreviated
list of common or well-measured particles follows below.

QUARKS SPECIAL £ 2000015
- PARTICLES <
d 1 _— g 1000021
G (graviton) 39
v 2 RO . X9 1000022
s 3 c ~0
¢ 4 LQ° 42 X3 1000023
b 5 gx (2:({) 51 x5 1000024
=1 2
t 6 (5=2) 5 X 1000025
b - DM (S=1) 53 ~g
+ s reggeon 110 X4 1000035
pomeron 990 F)z; 1000037
LEPTONS odderon 9990 =
— 1 for MC internal use . 1000039
e -
81-100, 901-930, =Y T
Ve 12 998-999, DIQUARKS
ne 13 1901-1930, (dd)1 1103
vy 14 2901-2930, and (ud)o 2101
o 15 3901-3930 (ud)1 2103
v 16 = (uu)1 2203
7—’1 17 SUSY (sd)o 3101
PARTICLES i
Vs 18 T 1000001 (sd)1 3103
- L 000001 (su)o 3201
GAUGE AND uy 1000002 (su)1 3203
BI_IOISGOGIES e 1000003 (ss)1 3303
g (9) 21 °r 1000004 LIGHT I =1
ol 22 by 1000005 MESONS
~ 0
z° 23 t 1000006 ™ 111
w+ 24 e 1000011 n 211
no/HO 25 °r a0 (980)° 9000111
~ 0
Z’/Z% 32 Ver 1000012 a0 (980)T 9000211
2" /Z3 33 L 1000013 a0 (1450)° 10111
W’/W%r 34 o 1000014 ao(145%)+ 10211
HO/H8 35 ok 000015 p(770) 113
A%/ H 36 1 p(770)T 213
HT 37 VoL 1000016 b1(1235)0 10113
HT+ 38 dp 2000001 171(1235):)r 10213
0 /30 ~
a”/Hy 40 o 2000002 a2(1320>+ 115
~ az(1320) 215
°R 2000003 p3(1690)° 117
R 2000004 p3(1690)+ 217
by 2000005 a4(2040)0+ 119
Ty 2000006 a4(2040) 219
e 2000011
s 2000013
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LIGHT I =0
MESONS
(uw, dd, ss
admixtures)
n 221
7’ (958) 331
fo(500) 9000221
f0(980) 9010221

w(782) 223
¢(1020) 333
f1(1285) 20223
f2(1270) 225
f5(1525) 335
w3(1670) 227
¢3(1850) 337
f4(2050) 229
STRANGE

__ MESONS
KY 130
K{j 310
Kﬁ 311
KT 321

K (1430)° 10311
K§(1430)T 10321
K™ (892)° 313
K*(892)t 323
K1(1270)° 10313
K (1270)t 10323
K*(1680)° 30313
K*(1680)T 30323
K3 (1430)° 315
K; (1430)+ 325
Ko(1770)° 10315
K2 (1770)T 10325

K3 (1780)° 317
K3 (1780)F 327
K (2045)° 319
K;(2045)F  s20
~ CHARMED
___ MESONS

Dt 411

DO 421

D§ (2400)T 10411
D (2400)° 10421
D*(2010)t 413
D*(2007)° 423
D;(2420)T 10413
D1(2420)° 10423

Dy(H)T 20413
D1(2430)° 20423
D} (2460) 415
D3 (2460)° 425

pf 431
DZ,(2317)T 10431

D;t 433

s
Ds1(2536)" 10433
Ds1(2460)7 20433
D:2(2573)Jr 435

BOTTOM STRANGE
MESONS BARYONS
BY 511 A 3122
Bt 521 >+ 3992
B 10511 50 3012
B;+ 10521 > 3112
B0 513 st 3224
Bt 523 z*0 3214
By (L)° 10513 = 3114
By (L)T 10523 =0 3322
By (H)° 20513 =- 2312
By (H)*T 20523 =*0 3324
B3° 515 i 3314
B3t 525 o~ 3334
B? 531
B*O 533 CHARMED
B*9 535 BARYONS
3 aAF 4122
B 541 e,
BT 543 Eg+ 4222
R S
e
__cc MESONS zprt 224
nc(19) 441 ok 4214
Xco(1P) 10441 zx0 4114
nc(25) 100441 =t 4232
J/P(1S) 443 =0 4132
he(1P) 10443 =t 4322
Xc1(1P) 20443 géo 4312
P(2S) 100443 =it 4324
P(3770) 30443 =x0 1314
Xc2(1P) 445 0 4332
f——— QZO 4334
__bb MESONS =it 4422
5 (1S) 551
Xbo (1P) 10551 BOTTOM
Xb0(2P) 110551 %ARYONS
r(18) 553 Ay 5122
hy, (1P) 10553 2% 5112
Xb1(1P) 20553 Ei 5212
r1(1D) 30553 = 5222
r(25) 100553 D S114
hy(2P) 110553 z50 214
Xb1(2P) 120553 E;Jr ooon
r(35) 200553 o o132
T (4S) 300553 :bo ooa
7(10860) 9000553 oh 5
7(11020) 9010553 o :;z
Xp2(1P) 555 Zb °
T2(1D) 20555 =, 5314
Xb2(2P) 100555 = 5324
£ 2, 5332
LIGHT ar- .
BARYONS b
P 2212 PENTA-
" 2112 __ QUARKS
att 2224 et 9221132
At 2214 [ 9331122
A0 2114
AT 1114
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45. Clebsch-Gordan Coefficients,
Spherical Harmonics, and d Functions
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48. Kinematics

Revised August 2019 by D.J. Miller (Glasgow U.) and D.R. Tovey
(Sheffield U.).

Throughout this section units are used in which 7 = ¢ = 1. The following
conversions are useful: fic = 197.3 MeV fm, (hc)? = 0.3894 (GeV)2 mb.

48.1. Lorentz transformations

The energy E and 3-momentum p of a particle of mass m form a
4-vector p = (E, p) whose square p? = E? — |p|2 = m2. The velocity of
the particle is 3 = p/E. The energy and momentum (E*, p*) viewed from
a frame moving with velocity B are given by

E*\ _( —’Yfﬁf> (E) .
<pﬁ ) (_'Yfﬁf vf /) Pp =DPr (48.1)

where vy = (1 —6?)*1/2 and p,, (p”) are the components of p perpendicular
(parallel) to 3 - Other 4-vectors, such as the space-time coordinates of
events, of course transform in the same way. The scalar product of two
4-momenta py - p2 = E1E9 — py - py is invariant (frame independent).
48.2. Center-of-mass energy and momentum

In the collision of two particles of masses m; and mg the total
center-of-mass energy can be expressed in the Lorentz-invariant form
1/2
Een = |(B1+ B2’ = (m1 + 1))

9 5 1/2
= [ml + mj + 2E1 Eo(1 — 5182 cos 0)] , (48.2)

where 0 is the angle between the particles. In the frame where one particle
(of mass ma) is at rest (lab frame),

Eem = (mf +m3 + 2By 1apmg) /2 . (48.3)

The velocity of the center-of-mass in the lab frame is
Bem = Plab/ (E11ab +m2) (48.4)

where pia1, = P11ap and
Yem = (E11ab + m2)/Eem - (48.5)
The c.m. momenta of particles 1 and 2 are of magnitude
mo

Pem = plabﬂ . (48.6)

For example, if a 0.80 GeV/c kaon beam is incident on a proton target,
the center of mass energy is 1.699 GeV and the center of mass momentum
of either particle is 0.442 GeV/c. It is also useful to note that

Ecn dEcm = ma dEy lab = M2 B1 lab dplab . (487)

48.3. Lorentz-invariant amplitudes
The matrix elements for a scattering or decay process are written in
terms of an invariant amplitude —i.#. As an example, the S-matrix for
2 — 2 scattering is related to .# by
(i |S] pipa) = I —i(2m)* 6*(p1 + p2 — P — ph)
A (p1, p2; P, Ph)

. 48.8
“CEE 2B 2 ) 2 aEyie Y
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The state normalization is such that

@'lp) = 27’83 (p—p) . (48.9)
48.4. Particle decays

The partial decay rate of a particle of mass M into n bodies in its rest
frame is given in terms of the Lorentz-invariant matrix element .# by

_eot
dl' = o [ A" d®y (P p1, - pn),s (48.11)
where d®,, is an element of n-body phase space given by
&p;
d®p(P; p1, ..., pn) = Zn H @R2E, (48.12)

This phase space can be generated recurswely7 viz.
d®,(P; p1, ..., pn) = d®;(q; p1, ..., pj)
X d®p_ji1 (P; g, pji1s - pn)(2m)°dg” (48.13)

where ¢2 = ( ‘Zl 1 pl‘ This form is particularly useful in
the case thrc a partlclc decays into another particle that subsequently
decays.

48.4.1. Survival probability : If a particle of mass M has mean
proper lifetime 7 (= 1/T") and has momentum (E, p), then the probability
that it lives for a time ¢y or greater before decaying is given by

P(ty) = e 0 /7 = =Mt T/E (48.14)
and the probability that it travels a distance zq or greater is
P(xg) = e M=o T/IP | (48.15)

48.4.2. Two-body decays :

p,my
P,M
Py, My
Figure 48.1: Definitions of variables for two-body decays.

In the rest frame of a particle of mass M, decaying into 2 particles
labeled 1 and 2,
M2 — m% + m%

FE = — (48.16)
[p1] = |pal
[(]WQ — (m1 + m,2)2) (]W2 — (m1 — mz)Qﬂ 1/2
= AL , (48.17)
and
dar = L2 Pl o (48.18)

3277 a
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where dQ = d¢1d(cos 07) is the solid angle of particle 1. The invariant mass

M can be determined from the energies and momenta using Eq. (48.2)
with M = Ecm.

48.4.3. Three-body decays :

/\(/Pl’ my
P,M \J\\ pz, m2

Ps3, mg

Figure 48.2: Definitions of variables for three-body decays.

Deﬁmng p” = pZ +p; and ng = le’ then m%Q + m%3 +m%3 =
M2+ m1 + m2 + m3 and 7TL12 = (P—p3)? = M2+ m% — 2M E3, where
FE3 is the energy of particle 3 in the rest frame of M. In that frame,
the momenta of the three decay particles lie in a plane. The relative
orientation of these three momenta is fixed if their energies are known.
The momenta can therefore be specified in space by giving three Euler
angles (a, 8,7) that specify the orientation of the final system relative to
the initial particle. The direction of any one of the particles relative to the
frame in which the initial particle is described can be specified in space by
two angles («, §) while a third angle, 7, can be set as the azimuthal angle
of a second particle around the first [1]. Then

1

~ (2n) 16]\[ |- dEy dE3 da d(cos B) d . (48.19)
Alternatively
1 1 i
- (2m)5 1602 | |p}| |ps| dmag df dQs (48.20)

where (|p}], Q) is the momentum of particle 1 in the rest frame of 1
and 2, and Qg3 is the angle of particle 3 in the rest frame of the decaying
particle. |p}| and |ps| are given by

miy — (m1 4+ m2)?) (m2y — (my —ma)? 12
pi| = [ty 27)71(12 12 1 (48.21a)

and

[(M? = (m12 + m3)?) (M2 = (m1z — m3)?)]'/*

2M

lps| = (48.21b)

[Compare with Eq. (48.17).]
If the decaying particle is a scalar or we average over its spin states,
then integration over the angles in Eq. (48.19) gives

11—
i’ = 2n)3 301 M dE dE3
1 1
= 2np 32008 [ A2 dm?y dm3; . (48.22)

This is the standard form for the Dalitz plot.
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48.4.3.1. Dalitz plot: For a given value of m%Q, the range of m%3 is
determined by its values when p, is parallel or antiparallel to p3:

(mgs)max =

(B + E3)? - <\/E§2 —m} - \/E§‘2 - m%)z , (48.23a)
(WL%ii)min =

(B3 + E3)2 - <\/E;2 —m3 /B2 - m§>2 . (48.23b)

Here E3 = (m2y —m? + m3)/2m12 and E = (M? —m2, —m2)/2mq2 are
the energies of particles 2 and 3 in the mjg rest frame. The scatter plot
in m%Q and m%3 is called a Dalitz plot. If |.#|? is constant, the allowed
region of the plot will be uniformly populated with events [see Eq. (48.22)].
A nonuniformity in the plot gives immediate information on |.# |2. For

example, in the case of D — K7, bands appear when M) = MC*(892)
reflecting the appearance of the decay chain D — K*(892)r — K.

10

111}1111}1111}1111}111

Figure 48.3: Dalitz plot for a three-body final state. In this
example, the state is 7t K9 at 3 GeV. Four-momentum conservation
restricts events to the shaded region.

48.4.4. Kinematic limits :

48.4.4.1. Three-body decays: In a three-body decay (Fig. 48.2) the
maximum of |ps|, [given by Eq. (48.21)], is achieved when m13 = m1 +ma,
i.e., particles 1 and 2 have the same vector velocity in the rest frame of the
decaying particle. If; in addition, msg > mj, mg, then |P3\max > | pl\nmx,
| D, |max. The distribution of mj2 values possesses an end-point or
maximum value at mi9 = M — mg. This can be used to constrain the
mass difference of a parent particle and one invisible decay product.
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48.4.5. Multibody decays : The above results may be generalized to
final states containing any number of particles by combining some of the
particles into “effective particles” and treating the final states as 2 or 3
“effective particle” states. Thus, if p;;r. . = p; +p;j +pg + ..., then

Mijk... = \/PPijk... » (48.26)

and m;;i. may be used in place of e.g., my2 in the relations in Sec. 48.4.3
or Sec. 48.4.4 above.

48.5. Cross sections

D, My b3 mg

Py, My Dy Myio

Figure 48.5: Definitions of variables for production of an n-body
final state.

The differential cross section is given by

2m) | 2
o Y]
44/(p1 - p2)? = mim3
X d®n(p1+p2; p3; -, Pnt2) - (48.27)
[See Eq. (48.12).] In the rest frame of mg(lab),
(p1-p2)? — m%m% = MaopP1iab ; (48.28a)
while in the center-of-mass frame
(p1-p2)? —m2m = prem /s - (48.28b)
48.5.1. Two-body reactions :
Py, my P3, mg
Py, My Py my

Figure 48.6: Definitions of variables for a two-body final state.

Two particles of momenta p; and po and masses mi and mo scatter
to particles of momenta ps and pgy and masses m3 and my; the
Lorentz-invariant Mandelstam variables are defined by

s = (p1+p2)” = (p3+pa)®
m2 + 2E1Ey — 2p, - py +m3 (48.29)
(p1 —p3)* = (p2 — pa)®
=m} —2E1E3 +2p, - p3 +m3 , (48.30)

t
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u=(p1 —pa)* = (p2 — p3)?
=m? —2E1Ey +2p - py+m3, (48.31)
and they satisfy
s+t+u=mi+mj+mi+m]. (48.32)

The two-body cross section may be written as
do 1 1

— = M2 48.33
dt  647s |piem|® -] ( )
In the center-of-mass frame
t= (Elcm - E30111)2 - (plcm - p3cm)2 — 4p1cm P3em Sin2(ecm/2)
=to — 4P1em P3em SiHZ(ecm/z) 5 (4834)

where 0cy is the angle between particle 1 and 3. The limiting values
to (fecm = 0) and t; (Oem = 7) for 2 — 2 scattering are
2 2 2 212
mi —mas —ms+m
t()(tl) = 1 32\/§ 2 4 - (pl cm :FPSCHL)Q . (4835)

In the literature the notation ty;, (tmax) for tg (1) is sometimes used,
which should be discouraged since ty > t1. The center-of-mass energies
and momenta of the incoming particles are

s—&-m%—m% s+m%—m%

E =
2\/§ ) 2cm 2\/5 )

For E3¢m and Eycm, change my to m3 and mo to my. Then

P1lab ™2
Picm =/ Ei2cm - m? and prem = ai\/g . (48.37)

Here the subscript lab refers to the frame where particle 2 is at rest. [For
other relations see Eqs. (48.2)—(48.4).]

Eiom = (48.36)

48.5.2. Inclusive reactions : Choose some direction (usually the beam
direction) for the z-axis; then the energy and momentum of a particle can
be written as

E =mgjcoshy , py, py , pz = mpsinhy, (48.38)
where m.., conventionally called the ‘transverse mass’, is given by
2 2 2 2
my, =m” +py+py . (48.39)

and the rapidity y is defined by

—lm E+p;
Y= \E—p

E+p: -1 (Pz
=Iln | ——— | = tanh =) . 48.4
n( y > an (E) (48.40)

Note that the definition of the transverse mass in Eq. (48.39) differs
from that used by experimentalists at hadron colliders (see Sec. 48.6.1
below). Under a boost in the z-direction to a frame with velocity £,
y—y— tanh™! 8. Hence the shape of the rapidity distribution dN/dy is
invariant, as are differences in rapidity. The invariant cross section may
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also be rewritten
d3o _ d3o N d%c
dp  dodyppdp, T mwdyd(pl)
The second form is obtained using the identity dy/dp, = 1/E, and the
third form represents the average over ¢.
Feynman’s x variable is given by
bz E+p.
Pzmax - (E+pz)nlax

(48.41)

r= (pr < [p=1) - (48.42)
In the c.m. frame,

2 2m.,, sinh
A Pz cm _ T Yem (48.43)

Vs Vs

and
= (Yom)max = ln(\/E/m) . (48.44)
The invariant mass M of the two-particle system described in Sec. 48.4.2
can be written in terms of these variables as
M? = m? +m} +2[Er(1)Ep(2) cosh Ay — pp(1) - pp(2)],  (48.45)

where
Bri) = /lpr() 2 +m? | (48.46)

and pp(¢) denotes the transverse momentum vector of particle 1.

For p > m, the rapidity [Eq. (48.40)] may be expanded to obtain
1 I cos2(0/2) +m2/4p® + ...

a2 sin?(0/2) + m2/4p2 + . ..
~ —In tan(6/2) = n (48.47)

where cos@ = p,/p. The pseudorapidity n defined by the second line is

approximately equal to the rapidity y for p > m and 6 > 1/, and in any
case can be measured when the mass and momentum of the particle are
unknown. From the definition one can obtain the identities

sinhn =cotf , coshn=1/sinf , tanhn = cosh . (48.48)

48.6. Transverse variables

At hadron colliders, a significant and unknown proportion of the energy
of the incoming hadrons in each event escapes down the beam-pipe.
Consequently if invisible particles are created in the final state, their net
momentum can only be constrained in the plane transverse to the beam
direction. Defining the z-axis as the beam direction, this net momentum
is equal to the missing transverse energy vector

B = =" pr(i) (48.49)
7

where the sum runs over the transverse momenta of all visible final state
particles.



256 /8. Kinematics

48.6.1. Single production with semi-invisible final state :

Consider a single heavy particle of mass M produced in association
with visible particles which decays as in Fig. 48.1 to two particles, of
which one (labeled particle 1) is invisible. The mass of the parent particle
can be constrained with the quantity My defined by

Mz = [Br(1) + Er ) - [pr(1) + pr(2))”
=mi +m3 +2[Ep(1)Br(2) — pr(1) - pr(2)] (48.50)
where
pr(1) = B (4851

This quantity is called the ‘transverse mass’ by hadron collider
experimentalists but it should be noted that it is quite different from
that used in the description of inclusive reactions [Eq. (48.39)]. The
distribution of event My values possesses an end-point at M7F** = M. If
m1 = mg = 0 then

M7 = 2|pp(1)|lpr(2)[(1 — cos dua) (48.52)

where ¢;; is defined as the angle between particles i and j in the transverse
plane.

48.6.2. Pair production with semi-invisible final states :

pl’ml pS’ml

)
N\

m,
p,, 2 p,, m,

Figure 48.7: Definitions of variables for pair production of semi-
invisible final states. Particles 1 and 3 are invisible while particles 2
and 4 are visible.

Consider two identical heavy particles of mass M produced such that
their combined center-of-mass is at rest in the transverse plane (Fig. 48.7).
Each particle decays to a final state consisting of an invisible particle of
fixed mass m together with an additional visible particle. M and mj can
be constrained with the variables Mpo and Mo which are defined in
Refs. [4] and [5].

Further discussion and all references may be found in the full Review of
Particle Physics. The numbering of references and equations used here
corresponds to that version.
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50. Cross-section formulae for specific processes

Revised August 2019 by H. Baer (Oklahoma U.) and R.N. Cahn (LBNL).

PART I: Standard Model Processes

Setting aside leptoproduction (for which, see Sec. 16 of this Review),
the cross sections of primary interest are those with light incident particles,
ete™, v, qq, 99 , gg, etc., where g and ¢ represent gluons and light
quarks. The produced particles include both light particles and heavy
ones - t, W, Z, and the Higgs boson H. We provide the production cross
sections calculated within the Standard Model for several such processes.

50.1. Resonance Formation

Resonant cross sections are generally described by the Breit-Wigner

formula (Sec. 18 of this Review).
5 2J +1 4m I'2/4

o(E) = (251 +1)(2S2+ 1) k2 | (E — Eg)2 +T12/4
where E is the c.m. energy, J is the spin of the resonance, and the
number of polarization states of the two incident particles are 257 + 1
and 252 + 1. The c.m. momentum in the initial state is k, Eq is the
c.m. energy at the resonance, and I' is the full width at half maximum
height of the resonance. The branching fraction for the resonance into
the initial-state channel is B;, and into the final-state channel is Bgyt.
For a narrow resonance, the factor in square brackets may be replaced by

7l6(E — Ey)/2.
50.2. Production of light particles

BinBout, (50.1)

The production of point-like, spin-1/2 fermions in eTe™ annihilation

through a virtual photon, ete™ — ~4* — ff, at c.m. energy squared s is
d
£ - NCZ—B[l +cos?0+ (1 - %) sin® 0]Q3 (50.2)
S
where 3 is v/c for the produced fermions in the c.m., 6 is the c.m.
scattering angle, and @y is the charge of the fermion. The factor N is 1
for charged leptons and 3 for quarks. In the ultrarelativistic limit, § — 1,
4ma’ 86.8 nb
0=NQ}*—— =NQ}——"—_. 50.3
<QF 3s CQfs (GeV?) (50.8)
The cross section for the annihilation of a ¢g pair into a distinct pair
¢'q through a gluon is completely analogous up to color factors, with the
replacement o — ag. Treating all quarks as massless, averaging over the
colors of the initial quarks and defining t = —ssin?(6/2), u = —s cos?(6/2),
one finds

do  _ ) (x% 2 + 2 B
il =3 . A4
4@ d7) =g (50.4)
Crossing symmetry gives
do , , n_ a? 82 +u?
qlad —ad)=go—0 (50.5)
If the quarks ¢ and ¢’ are identical, we have
do , _ a2 [P 2w 242
0l a0 =55 | =2 et I (50.6)

and by crossing
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% 2452 24w 25

do
—(qq — — — 50.7
dQ (a9 = qq) = 9s u? + t2 3ut (50-7)
Annihilation of ete™ into v has the cross section
e (50.)
—(eTe .
a0 i 25 tu

The related QCD process also has a triple-gluon coupling. The cross
section is

do OLE 2 2 1 9
t+u)(— - —) . 50.9
T 99) = o2 (P + ) (o ) (50.9)
The crossed reactions are
99 (19— a9) = (2 + (L + 2 (50.10)
— =2(s"+u)(——+ — .
aq '\ 99 = g su 427
do a2 5 51 9
— q) = ——(¢ ——— 50.11
9 = a0 =5 (+ut) (=), (50.11)
96@ ut su st
— = 3—5——5 — —) . 50.12
09999 =265 -5 - 3) ( )
Lepton-quark scattering is analogous (neglecting Z exchange)
do a? 552 4+u?
. dQ(eq —eq) = Ee‘?t—2 ) B (5?0-13)
eq is the quark charge. For v-scattering with the four-Fermi interaction
G2
2 vd — ) = L2, (50.14)
where the Cabibbo angle suppression is ignored. Similarly
d — G%s(1+cosf)?
—g(yﬂ%[_d) = 4:;“%) (50.15)

For deep inelastic scattering (presented in more detail in Section 19)
we consider quarks of type 4 carrying a fraction & = Q2 /(2Mv) of the
nucleon’s energy, where v = E — E’ is the energy lost by the lepton in the
nucleon rest frame. With y = v/E we have the correspondences

1+cosf —2(1—y), dQem — A fi(z)dx dy (50.16)
where the latter incorporates the quark distribution, f;(x). We find
do 4ra’es 1
N = eX 5[t -7
TN ) = T [l (1)

4 1 -
x b(u(z) +(x) 4. g () + () + )] (50.17)
where now s = 2M E is the cm energy squared for the electron-nucleon
collision and we have suppressed contributions from higher mass quarks.

Similarly,

o xy G m ;

ey N 00 =T (d@) )+ (=P @) + ] (50.18)
2xs —

dz(jiy(ﬁN -0t X) = GF—[(d(z) +o)+ (L=y)P(ula) +..)] - (50.19)

Quasi-elastic neutrino scattering (vyn — p=p, Uup — wtn) is directly
related to the crossed reaction, neutron decay.
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50.3. Hadroproduction of heavy quarks

For hadroproduction of heavy quarks @ = c, b, t, it is important to
include mass effects in the formulae. For ¢q¢ — QQ, one has

2 4m?
;{Q (g7 — QQ) = a—% 1- 9Q [(mQ -2+ (m2Q —u)?+ 277L2Qs] ,
_ (50.20)
while for gg — QQ one has
do o? 4m?
Solan > QQ) = 1= 22 | S ety - 00y - )
B mQ (s — 4mQ) . é(TRQQ — t)(mQ —u) — 2m2Q(7n2Q + 1)
3(771%2 —t) (sz —u) 3 (mQQ —1)2
4 (sz - t)(sz —u) — Qmé(m% +u)
3 (mg2 —u)?

B (m%} - 15)(7%%2 —u)+ mé(u —1) L (mé - t)(mé —u)+ mé(t —u)

s(mé —t) s(m2Q —u)

(50.21)
50.4. Production of Weak Gauge Bosons

50.4.1. W and Z resonant production :

Resonant production of a single W or Z is governed by the partial widths

_ . V2Gpm
T(W — (;7;) = # (50.22)
_ V2GE|Vij [Pmi
LW = qiq;) = 3712:‘ 1 (50.23)
\/_G m3
N(Z = ) = Nem—p =2
m

x [(T3 — Qysin®Oy)? + (Q sin® 9W)2] . (50.24)
The weak mixing angle is ;. The CKM matrix elements are Vj;. N is 3
for qg and 1 for leptonic final states. These widths along with associated
branching fractions may be applied to the resonance production formula
of Sec. 50.1 to gain the total W or Z production cross section.

50.4.2. Production of pairs of weak gauge bosons :

The cross section for ff — WHW ™ is given in term of the couplings of the
left-handed and right-handed fermion f, ¢ = 2(T5 — Qzw ), 7 = —2Qzy,
where T3 is the third component of weak isospin for the left-handed f, @
is its electric charge (in units of the proton charge), and zy = sin? Oy

2 2
do  2ma? L+r s l—7r s
7 _ A(s,t
dt NCSZ{ <Q+4stm22> +<4mwsm2z> (5:,)

b <@ + i—2> (O(=Q)I(s,t,u) — O(Q)I(s,u, 1))

2zw 2ayw s —my

1
2
8ziy,

(0(—Q)E(s,t,u) + ©(Q)E(s,u, t))} , (50.26)
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where ©(z) is 1 for z > 0 and 0 for < 0, and where

1 1 m? mé 5
A(s,t,u)—< . —1) (———W+3—‘2/V>+ >4,
m 4 s s myy

w
tu 1 2 4 ; 2
I(S,tﬂl,)z Z -1 77m7W7m7W +%*2+27mw,
myy 4 25 st miy t
t 1 m
Bs,tyu) = [ —- 1) [ 7+ 28 ) + =, (50.27)
my, 4 t miy,

and s,t,u are the usual Mandelstam variables with s = (pf + pf)Q,t =

(pf —py=)u= (ps — pyy+)2. The factor N. is 3 for quarks and 1 for
leptons.
The analogous cross-section for 4q; — w£20 is

2
do 7ra2|Vij\2 1 9 — 8zy 2 9
= = t—
dt 63%%[/ s — m%v 4 (u meZ)

+ 8z —6) s ("”%V + m%)]

ut — m%VmQZ - s(m%v + m2z) b
s—mi, o u
2
ut — m%vm% Zi ﬁ s(m, +m%) 645 (50.28)
41 —zw) [ 21 —zw) tu [’ ’

where £; and ¢; are the couplings of the left-handed ¢; and ¢; as defined
above. The CKM matrix element between ¢; and g; is V;;.

The cross section for ¢;q; = Z 070 ig

tou  4mis 4 (1 1
it T2\t

do a2 ﬂ? + rf

dt — 96 x%v(l 7:5‘2/‘,)252

50.5. Production of Higgs Bosons
50.5.1. Resonant Production :

The Higgs boson of the Standard Model can be produced resonantly
in the collisions of quarks, leptons, W or Z bosons, gluons, or photons.
The production cross section is thus controlled by the partial width of the
Higgs boson into the entrance channel and its total width. The partial
widths are given by the relations

_ GFQOHNC 3/2

_ f A2 7.2

D(H = f7) = — = (1 4mf/mH) . (50.30)
Gpm?, B

- _ GEmyBw 2

D = W) = 2 (4 dayy + 3aW> , (50.31)
- Gpm%ﬁz 2

P(H — 22) = =2 (4 —day + SaZ) . (50.32)

where N¢ is 3 for quarks and 1 for leptons and where ayy =1 — ,B%V =
4m%,V/m%{ and ay = 1— ﬁ% = 4m2Z/m%{. The decay to two gluons
proceeds through quark loops, with the ¢ quark dominating. Explicitly,
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2

2G 3
Qs , (50.33)

36m3v/2

where I(z) is complex for z < 1/4. For z < 2 x 1073, |I(2)| is small so the
light quarks contribute negligibly. For mpy < 2my¢, z > 1/4 and

I(H — g9) =

> I(mg/mE)
q

I(z) = 3|22 +22(1 — 42) (sm*1 Ly] , (50.34)

2Vz

which has the limit I(z) — 1 as z — co.
50.5.2. Higgs Boson Production in W* and Z* decay :

The Standard Model Higgs boson can be produced in the decay of
a virtual W or Z (“Higgstrahlung”): In particular, if k is the c.m.
momentum of the Higgs boson,

2 2 2 2
_ ma|Vii|® 2k k% +3m
o(qig; — WH) = —— 2 =~ 5 (50.35)
36sint Oy /s (s —m,)
(03 +75) 2k k2 +3m |
48N, sin? Oy cost Oy /5 (s — m%)?
where ¢ and r are defined as above.

50.5.3. W and Z Fusion :

Just as high-energy electrons can be regarded as sources of virtual photon
beams, at very high energies they are sources of virtual W and Z beams.
For Higgs boson production, it is the longitudinal components of the W's
and Zs that are important. The distribution of longitudinal W's carrying
a fraction y of the electron’s energy is

o(ff = ZH) = (50.36)

2 1—
fly) = I‘g?Ty (50.37)

where g = e/sinfyy. In the limit s > mpg > my, the rate I'(H —
WiWp) = (g2/ 647r)(m‘;{ / m%v) and in the equivalent W approximation

1 o 3
tom 3 _
oleTe” 2 VeveH) = — [ —5——
( eveH) 16m2, (sin20w>
A m?,
X 1+ —= 10g—272+2—. (50.38)
s myy s

There are significant corrections to this relation when my is not large
compared to myy. For my = 150 GeV, the estimate is too high by 51%
for /s = 1000 GeV, 32% too high at /s = 2000 GeV, and 22% too high
at /s = 4000 GeV. Fusion of ZZ to make a Higgs boson can be treated
similarly. Identical formulae apply for Higgs production in the collisions
of quarks whose charges permit the emission of a W and a W™, except
that QCD corrections and CKM matrix elements are required. Even in
the absence of QCD corrections, the fine-structure constant ought to be
evaluated at the scale of the collision, say myy. All quarks contribute to
the ZZ fusion process.

Further discussion and all references may be found in the full Review; the
equation and reference numbering corresponds to that version.
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51. Neutrino Cross Section Measurements

Revised August 2019 by G.P. Zeller (FNAL).

Highlights from full review.

Neutrino cross sections are an essential ingredient in all neutrino ex-
periments. This work summarizes accelerator-based neutrino cross sec-
tion measurements performed in the ~ 0.1 — 300 GeV range with an
emphasis on inclusive, quasi-elastic, and pion production processes, ar-
eas where we have the most experimental input at present.

Table 51.1: List of beam properties, nuclear targets,
and durations for modern accelerator-based neutrino
experiments studying neutrino scattering.

(Ev), (Ev) neutrino run
Experiment beam GeV target(s) period
ArgoNeuT v, U 4.3, 3.6 Ar 2009 - 2010
ICARUS v 20.0 Ar 2010 — 2012
(at CNGS)
K2K v 1.3 CH, H20 2003 — 2004
MicroBooNE v 0.8 Ar 2015 —
MINERvA 7 3.5 (LE), He, C, CH, 2009 — 2019
5.5 (ME) H2O, Fe, Pb
MiniBooNE v, U 0.8, 0.7 CHa 2002 - 2019
MINOS v, v 3.5, 6.1 Fe 2004 — 2016
NOMAD v, U 23.4, 19.7 C—based 1995 — 1998
NOvA v, v 2.0, 2.0 CH2 2010 —
SciBooNE v, U 0.8, 0.7 CH 2007 — 2008
T2K v,V 0.6, 0.6 CH, H2O, Fe 2010 —
* ITAZ\T('OSEUDN& %?50%24}(210311;01 (2019) ¢,  CCFR (1997 Seligman Thesis)

S 16 T IR0 GOLT 1y Cons, 27 o8 4k 101

[¢] 4 T2K, PRD 93, 072002 (2016) A BNL, PRD 25, 617 (1982)

o 4 T2K(CH), PRD 90, 052010 (2014) m  GGM-SPS, PL 104B, 235 (1981)

2 D pmitied e« almonaaiom

T g R

5 4 NOMAD, PLB 660, 19 (2008) v IHEP-ITEP, SINP 30, 527 (1979)

© ¢ NuTeV, PRD 74, 012008 (2006) ¥ SKAT, PL 81B, 255 (1979)

""\3/

g

3

©

1 10 100 150 200 250 300 350

E, (GeV)

Figure 51.1: Measurements of per nucleon v, and v, CC inclusive scat-
tering cross sections divided by neutrino energy as a function of neutrino
energy. Note the transition between logarithmic and linear scales occur-
ring at 100 GeV.
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